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Abstract

CuO Nanoparticles Solubility as Influenced by Soil Pore Water, Native Microorganisms,
and Wheat Rhizosphere Chemistry in a Sand Matrix
By
Dakota Sparks, Masters of Science
Utah State University, 2022

Major Professor: Joan McLean
Department of Civil and Environmental Engineering

Copper oxide (CuO) nanoparticles (NPs) are increasingly used in industrial and
consumer products, with suggested use in agriculture. Improper use or disposal of these
NPs could lead to dissolution increasing Cu solution concentration that is detrimental to
plants and their associated microbes. The dissolution and bioavailability of Cu are
governed by the extent of the complexation of Cu with organic ligands derived from the
soil and plant/microbial exudates. This study investigated how wheat rhizosphere
chemistries influencing CuO NP solubility were altered by the soil characteristics from
saturation paste extractions (SPEs), the presence or absence of microbes, and the dosing
of CuO NPs. Wheat was grown in a sand matrix with three soil SPEs (varying in pH and
organic matter content), either filter sterilized or unfiltered to retain native microbes, and
dosed with 30 or 100 mg Cu/kg of CuO NPs. After 10 days of growth, the composition of
the rhizosphere solution was analyzed for soluble Cu, organic complexes, and inorganic
components, constituents then used to model Cu complexation within the rhizosphere.
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Root and shoot mass and length were taken to compare growth, while the Cu associated
with the roots and the shoots was determined to investigate Cu bioavailability.
The higher CuO NPs dose caused an increase of exudates (< 3kDa) as a defensive
measure and decreased the amount of colloidal (> 3kDa) organic carbon, possibly
originating from decreased root growth. The characteristics of the SPE had no impact on
the dissolution of Cu, but more Cu was associated with roots from the lower pH soil. The
presence of microbes, regardless of the community structure, either consumed exudates
or reduced their production, including the phytosiderophore 2’-deoxymuginic acid. The
Cu in the rhizosphere solution did not respond, within microbial treatment, to changes in
the concentration or characterization of the exudates and remained constant across SPEs.
In the presence of microbes, Cu complexed with non-exudate-related compounds,
including carbonate and fulvic acid. Exposure to CuO NPs resulted in Cu accumulation
with the roots and dose-dependent root shortening, but the wheat was capable of
regulating Cu uptake, limiting translocation to the Cu in shoots.
(168 pages)
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Public Abstract

CuO Nanoparticles Solubility as Influenced by Soil Pore Water, Native Microorganisms,
and Wheat Rhizosphere Chemistry in a Sand Matrix
Dakota Sparks

Nanoparticles (NPs) are particles less than 100 nm (~4 millionths of an inch) in a
direction. NPs, due to their small size, are used in a variety of products, such as silver
(Ag) NPs as an antimicrobial in clothes. Copper Oxide (CuO) NPs are used in electronics
as semiconductors and other fields as antimicrobials and purposefully or accidentally end
up in the environment. Copper (Cu) is a necessary nutrient for plants, but at higher
amounts is toxic to plants and beneficial soil microbes.
In order to understand how the CuO NPs interacts with plants, wheat seedlings
were grown in sand for 10 days. The sand was watered with water extracted from three
soils differing in properties relevant to CuO NP dissolution. The SPEs were either
sterilized, to provide information on the wheat releases (exudates) into the sand as it
grows, or contained native microbes, so that the wheat with microbes could mimic a
natural environment. The sand was amended with a low and high dose of CuO NPs to
provide two different environments for the wheat to react in.
The higher dose of CuO caused the wheat to release greater amounts of exudates.
In the presence of microbes, the amounts of exudates drastically decreased, yet the
amount of Cu complexed did not drastically change; instead, soil components such as
fulvic acid complexed with the Cu. The amount of Cu associated with the roots depended
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on the amount of NPs added and resulted in root mass with wheat that had less organic
matter in the SPEs, but the wheat, regardless of the conditions it was grown in, was able
to regulate the amount of Cu taken into the shoots.
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1. Introduction
Nanoparticles (NPs) are materials defined to be at most 100 nm in one dimension.
NPs maintain some of the properties of their bulk counterparts due to the similarities of
elemental composition; however, their high surface-to-volume ratio results in unique
properties. Though many NPs are used based on their shared properties with bulk
materials, such as silver NPs as an antimicrobial (U.S. EPA 2012), others are only
implemented due to their size, such as cerium oxide NPs as a fuel additive (Tumburu et
al. 2017). Copper oxide (CuO) NPs, the focus of this study, maintain similar properties as
their bulk form, tenorite, primarily that of semi-conductance (Keller et al. 2017). The
primary use of CuO NPs today is for semi-conductive properties but is additionally used
as a catalyst, antimicrobial for medical applications, and in paints as an antifungal.
Through these uses, CuO NPs are introduced into the environment, with a majority (75%)
ending up in landfills and (18%) in biosolids; biosolids were the assumed primary source
of NPs in soil (Keller et al. 2013).
These possible fates alone justify investigating the behavior of CuO NPs within
various soils. However, CuO NPs are also being investigated for agricultural uses as a
fertilizer and an antipathogen. Copper is an essential element for plants, animals, and
bacteria. In some agricultural cases, the addition of Cu is needed for natural deficiencies
of Cu within the soil (Alloway and Tills 1984), improving yield (Graham and Nambiar
1981; Lindsay and Norvell 1978). The dissolution of CuO into copper ion (Cu2+) is the
fundamental basis for using CuO NPs for agricultural purposes allowing for CuO to
dissolve over time to avoid direct Cu dosing with Cu salts.
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Though a required nutrient, Cu is toxic to various organisms, such as plants and
bacteria, compared to higher organisms. There is a small threshold between adequate
nutrition and toxicity. Cu can cause phytotoxic effects on plants when in excess, as
reviewed by Kumar et al. (2020). The concentration of Cu in water or soil that causes
toxic effects is dependent on several factors, including pH, the concentration of
complexing ligands, both organic and inorganic, and the concentration of competing
cations. Most plants have developed specific mechanisms to regulate Cu to avoid toxicity
(Bose and Bhattacharyya 2008; Nian et al. 2002). However, experiments with CuO NPs
have found negative impacts on planted systems when a non-lethal threshold for
tolerance is exceeded (Hortin et al. 2019; McManus et al. 2018; Pu et al. 2019; Rajput et
al. 2020; Singh et al. 2017; Velicogna et al. 2020). The dissolution of CuO NPs into Cu2+
is the primary cause of toxicity, as opposed to NP-specific toxicity, for barley plants (Qiu
and Smolders 2017), wheat (Gao et al. 2018), northern wheatgrass and clover (Velicogna
et al. 2020), and maize (Pu et al. 2019). It is imperative to understand how plants respond
to the presence of CuO NPs to design an appropriate application.
Bacteria and fungi are especially susceptible to the toxic effects of Cu
(Malandrakis et al. 2019). CuO NPs function as an antipathogen for Clavibacter
michiganensis (Vera-Reyes et al. 2019), Alternaria solani (Zakharova et al. 2019), and
Fusarium graminearum (Dimkpa et al. 2013). Research on CuO NPs as fungicides both
foliar (Malandrakis et al. 2019) and on the fruit (Sardar et al. 2022) and as a generic
antimicrobial (Cuong et al. 2022; Tauseef et al. 2021; Vera-Reyes et al. 2019) have been
successful. However, these antimicrobial properties may damage the beneficial
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microbiome, altering enzymatic activities, microbial community structure and diversity,
and nutrient cycling (Pu et al. 2019).
Microorganisms within soil form a mutualistic and, at times, competitive
relationship with the roots of plants. This relationship develops predominantly within the
soil under the direct influence of root exudates, the rhizosphere. The rhizosphere hosts
the root-associated ecology, the chemical and microbial processes that benefit the plant.
Plant roots release amino acids, proteins, and sugars to support the growth of microbes
within the rhizosphere, which can provide a variety of functions ranging from N fixation
to pathogen mitigation. For example, Pseudomonas chlororaphis O6 (PcO6), a root
colonizing bacterium isolated from wheat roots grown in calcareous soil (Spencer et al.
2003), promotes fungal resistance in tobacco (Spencer et al. 2003) and drought resistance
in wheat plants (Yang et al. 2018). Conditions within the rhizosphere can also promote
pathogen growth. However, pathogens are typically restricted nutritionally or actively
antagonized by the non-pathogenic organisms present in the rhizosphere (Mendes et al.
2013).
Both microbes and plant roots release low molecular weight organic acids
(LMWOAs) in the rhizosphere to obtain nutrients from the soil. LMWOAs alter the fate
of metals (Fe, Cu, Zn) through acidification of the rhizosphere and complexation that
enhances the bioavailability of these nutrients, or in cases with toxic levels of metals
within the rhizosphere, to sequester metals out of the rooting zone or to combat the
negative effects of the metals such as oxidative damage (Zhao et al. 2016). Bacteria may
reduce the influence of LMWOAs released by the plant roots due to catabolism (Hortin et
al. 2019).
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LMWOAs are not the only exudates that enhance metals solubility and nutrient
uptake by roots and bacteria. Amino acids (AAs) are also released into the rhizosphere
and are capable of metal management (Flis et al. 2016; Huang et al. 2020). Specialized
compounds are used as well for enhanced solubility and nutrient uptake. Microbes and
gramineous plants produce siderophores, compounds used to chelate otherwise insoluble
iron for uptake. The phytosiderophore released by wheat, deoxymugineic acid (DMA),
also increases the solubility of Cu through complexation (Treeby et al. 1989). McManus
et al. (2018) found via geochemical modeling that over 90% of the Cu measured in the
rhizosphere solution is complexed.
The presence of Cu can alter the quantity and quality of exudates released by the
plants (Huang et al. 2020; Nekrasova et al. 2011; Nian et al. 2002), with CuO NPs having
similar effects (Hortin et al. 2019; McManus et al. 2018). Wheat production of DMA
increased in the presence of CuO NPs (100 mg/kg Cu) (Hortin et al. 2019) and with
increasing doses of CuO NPs (10, 30, 100, 200, and 300 mg Cu/kg) (McManus et al.
2018). At lower doses of CuO NPs (10 and 30 mg Cu/kg), with a limited production of
DMA and AA, Cu complexation is dominated by LMWOAs, but as the dosing of CuO
NPs increases (>100 mg Cu/kg), the amount of complexation by both AA and DMA
increases (McManus et al. 2018). This change in complexation justifies evaluating NPs
dose-specific impacts on wheat exudates and resulting CuO solubility. Research on
LMWOAs, DMA, and AAs released from the rhizosphere are necessary for
understanding how CuO NPs dissolve within a planted system.
Hortin et al. (2019) studied the impact of PcO6 on the solubility of CuO NPs in a
wheat rhizosphere. Compared to planted systems without the bacterium, the presence of
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the root colonizing bacterium with wheat seedlings caused a decrease of soluble Cu, an
increase of DMA, and a decrease of LMWOAs in the rhizosphere solution. The fate of
phytosiderophores is dependent on the microbes present in the studied system. Boiteau et
al. (2021) measured an up-regulation of phytosiderophore producing genes for grass
grown with P. fluorescens yet were unable to measure an increase of the
phytosiderophores concentrations within the hydroponic solution suggesting that this
pseudomonas consumed released root siderophores. The implication of these studies to
whole soil is limited as only a single bacterium was evaluated. Bacteria are naturally
abundant in the soil, with up to 104 bacterial species and 109 bacteria per gram (Turner et
al. 2013; Weinert et al. 2011), producing an extensive variety of exudates. Bacteria form
complex communities known as biofilms, which are often made up of multiple microbes,
surrounded by extracellular polymeric substances (EPS). Studies on microbial
communities, as opposed to a single species, are necessary to understand the realistic
impact of microbes on the dissolution of CuO NPs. The release of exudates by both plant
roots and bacteria is influenced by each other and the concentration of CuO NP, but also
by the properties of soil.
Soil characteristics contribute to the behavior of plants and the dissolution of CuO
NPs. Soluble organic compounds naturally present in soils, such as fulvic acids (FA),
have ligands functional groups capable of binding to Cu within the system, impacting the
rate of dissolution and bioavailability of Cu (Hortin et al. 2019, 2020). In addition to the
rhizosphere exudates, these weathered organic soil molecules play a role in the
dissolution of CuO NPs controlling Cu in the rhizosphere. Hortin et al. (2020) used size
fractionation by 3 kDa spin filters (<2 nm size fraction) and centrifugation (centrifuged
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twice at 20817 x g) (<30 nm size fraction) to distinguish the contribution from soil
organic carbon such as FA and humic acid (HA) (>2 nm and <30 nm) and exudates (<2
nm) on CuO NPs solubility. Specific characteristics of both HA and FA are influenced by
their origin, though HA tends to be greater than 3 kDa and FA tends to be less (Thurman
et al. 1982). The extent of complexation and the form of the complex alter bioavailability
(Hortin et al. 2019; Parker et al. 2001).
The pH of the soil impacts the solubility of CuO NP, given that for every 0.5 pH
decrease, the solubility increases by a factor of 10 (Lindsay 1979). From this relationship,
some researchers dismiss performing Cu toxicity studies in alkaline soils with the
assumption that Cu is not bioavailable (Lin et al. 2018). However, the presence of
dissolved organic matter (DOM) increases solubility through complexation. Hortin et al.
(2020) speculate that DOM could enhance the solubility of Cu to levels comparable to
non-alkaline soil. The pKa values for DOM functional groups are generally less than 3;
as pH increases the extent of complexation with H+ decreases and sites become available
for Cu to complex (Baham and Sposito 1994), driving the solubility of CuO over simple
proton driven dissolution. The influence of pH on the solubility of CuO NPs cannot be
ignored. Understanding the solubility of CuO NPs within a planted system becomes
critical to understand the appropriate use of the NPs and how the system responds to their
presence.
A complicating factor of soil is the ability for CuO NPs and the Cu released to
sorb to the soil solid phase (Cornelis et al. 2014); the use of sand minimizes sorption of
CuO NPs. Though a natural process, sorption obscures the observation of CuO NPs
interactions within the rooting zone as a portion of the Cu permanently sorbs to the soil.
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This occurrence makes it challenging to discern the extent of the dissolution of CuO NPs
since some of the Cu that was released by the NPs is lost to the soil resulting in a lower
concentration of Cu in the aqueous phase, thus driving further dissolution. Similarly,
exudates could interact with the soil solid phase, as opposed to the NPs, minimizing
reactions with the NPs. Soils are open systems allowing for the facilitated transport of
complexed Cu out of the rooting zone. In this study, a simplified, closed system using the
saturation paste extracted from the soils to maintain the microbial and soluble soil
components, such FA, organic acids, and pH, without the influence of soil solids, is used.

2. Research Question
The research question addressed by this study is: What are the effects of the
exudates produced in the rhizosphere of wheat, as influenced by soil microbes, pore
water chemistry as generated from saturation paste extracts of three soils differing in
bacterial community structure, pH and organic matter composition and NPs dosing, on
the solubility of CuO NPs and the bioavailability of Cu?

3. Hypotheses and Objectives
Null Hypothesis 1: The composition of rhizosphere exudates from wheat plants and soil
microbes, are not affected by chemical or biological properties of soil saturation paste
extracts from three soils, nor is the composition affected by the selected (sub-toxic)
dosing of CuO NPs.
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Alternative Hypothesis 1: The composition of rhizosphere exudates from wheat plants
and soil microbes, will be affected by chemical and biological properties of soil
saturation paste extracts from three soils. Dosing of the CuO NPs will also alter exudates.
Null Hypothesis 2: Rhizosphere processes, as influenced by plant-microbial-chemical
interactions, do not affect the dissolution of commercial CuO NPs (nominal size ~50 nm)
and bioavailability of Cu to wheat, independent of soil pH, as tested with two alkalinecalcareous soils, and one acidic soil.
Alternative Hypothesis 2: Rhizosphere processes, as influenced by plant-microbialchemical interactions, affect the dissolution of commercial CuO NPs and bioavailability
of Cu to wheat.

To test these hypotheses, the following objectives were accomplished:
Objective 1: Determine the composition of root and microbial exudates after ten
days of wheat growth in a sand matrix watered with saturation paste extracts (SPEs) from
three soils and two doses of CuO NPs. Two of the soils are alkaline soil from the same
soil series but differ in crop management practices, and the other soil is acidic. Wheat
was grown with microbes present in the SPEs or grown with sterile SPEs to assess the
composition of the plant/microbial exudates. The pore water (PW) extracted from the
sand matrix after ten days of wheat growth with two doses of NPs was analyzed for the
wheat specific siderophore DMA, known microbial siderophores, and other rhizosphere
exudates, including relevant AAs and LMWOAs. Soluble organic carbon (OC) was
quantified accounting for changes in exudates and dissolved soil organic carbon.
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Objective 2: Determine the solubility of CuO NPs and bioavailability of Cu to
wheat as influenced by rhizosphere exudate composition. After plant growth (Objective
1), pore water was analyzed, in addition to the measurements made for Objective 1, for
free Cu2+, dissolved Cu species and other trace elements, common anions, common
cations (including Cu), pH, total alkalinity, EC, and phosphate. Plant tissue (roots and
shoots) was analyzed for Cu and other metals.
Objective 3: Estimate the extent of complexation of Cu with the determined
ligands in the planted system based on Objective 1 and 2 using geochemical modeling.
Results from the estimated complexes were utilized to help evaluate mechanisms of CuO
NPs dissolution and complexation.

4. Literature Review
4.1 CuO NPs
4.1.1 CuO NPs Industrial and Agricultural Use
CuO NPs are used in a variety of commercial and industrial products with an
increasing rate of production. It was estimated that by 2025 approximately 1600
tonnes/year of Cu-based NPs will be produced, with this amount expected to increase as
the industry grows (Keller et al. 2013). The primary use of CuO NPs today is for semiconductive properties in sensors and diodes but is additionally used as a catalyst. CuO
NPs are also used for their antibacterial properties for medical and antifungal properties
in paints. There are three primary means by which CuO NPs are introduced into the
environment: production and manufacturing, release during use, and release after
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disposal, which includes wastewater disposal and landfilling (Bundschuh et al. 2018).
Use of wastewater biosolids, as a soil amendment, directly releases CuO into the
environment. As an antimicrobial, introducing CuO NPs unintentionally into the dynamic
soil environment may impact essential biological processes.
These possible fates alone are worth investigating the behavior of CuO NPs
within various soils. However, CuO NPs are also being investigated for agricultural uses.
Bacteria, fungi, and other microorganisms present in soil environments are susceptible to
the presence of Cu, a known antimicrobial (Rajput et al. 2020). Research on CuO NPs as
fungicides, both foliar (Malandrakis et al. 2019) and on the fruit (Sardar et al. 2022), and
as an antimicrobial (Cuong et al. 2022; Tauseef et al. 2021; Vera-Reyes et al. 2019) have
been successful. Studies of CuO NPs as a fertilizer have shown improved growth of
wheat seedlings grown on wetted filter paper (Zakharova et al. 2019) and improvement of
nutritive elements in green onions (Wang et al. 2019a) and Fe within cultivated rice
(Deng et al. 2022).
The advantage of NPs over traditional Cu applications as salts or bulk products in
agriculture is that Cu based NPs, e.g., CuO, inherently behave differently in alkaline soil
in the short term (5 days), dissolving slowly compared to Cu added as Cu(NO3)2 that
readily precipitates with hydroxide and carbonate decreasing bioavailability (Sekine et al.
2017). This initial slow release may be an important feature for the use of CuO NPs over
conventional fertilizers. Spielman-Sun et al. (2018) found that CuO and CuS NPs
provided a slow release of Cu to wheat, supporting the potential use of NPs as a slowrelease delivery system for this micronutrient. Likewise, Adisa et al. (2019) proposed that
the slow release of Cu from CuO NPs supports use over the conventional Cu fertilizer of
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CuSO4. CuSO4 is the most common form of Cu fertilizer, with “slow-release” formulates
consisting of chelated Cu, Cu in polymerized phosphates, or sorbed to zeolites. Nano Cu
fertilizers are typically either pure Cu or a Cu oxide, though polymerized forms have
been developed for use and application (Adisa et al. 2019). Understanding the fate and
behavior of CuO NPs is necessary for proper management both as waste and for
beneficial use.
4.1.2 Properties and Mechanisms of CuO NPs
CuO NPs are nanoparticles of tenorite defined to be less than 100 nm in at least
one direction. CuO NPs maintain a majority of the traits of their larger counterpart,
including semi-conductance and chemical behavior. NPs have a greater surface area than
a non-nano (bulk) counterpart of equivalent mass (Huang et al. 2010), this increased
surface area allows for greater dissolution rates based on kinetics (Seager et al. 2018)
when compared to a bulk counterpart. This is explained by the thermodynamic interface
effect, which results in lower stability for materials with a larger surface area (Leitner et
al. 2019). The size of the CuO NPs is known to alter thermodynamic equilibrium
constants of CuO NPs (Du et al. 2012; Leitner et al. 2019). Du et al. (2012), using CuO
from 10 to 25 nm in 0.005 M sodium disulfate, showed a linear increase in the
equilibrium constant (ln K), with decreasing particle size of the CuO. Similarly, the shape
of CuO NPs affect the thermodynamic equilibrium constants (Leitner et al. 2019). Leitner
et al. (2019) estimated based on Gibbs energy minimization, that the solubility of 2 nm
CuO spherical NPs was calculated to be 3.8 times the solubility of bulk CuO. Based on
the Ostwald-Freundlich equation, as the radius of CuO NPs approaches 20 nm, the
solubility of the NPs is comparable to that of bulk CuO. It is noteworthy that though the
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Oswald-Freundlich method tends to overestimate the solubility of NPs it can be expected
that as the size of CuO NPs increase, such as from aggregating, the solubility approaches
that of bulk CuO. Similar to CuO NPs, David et al. (2012) determined in laboratory
studies that the solubility of 20 and 71 nm ZnO NPs were not different from bulk ZnO
NPs whereas 6 nm ZnO NPs were more soluble than bulk. Although NPs are defined as
particles <100 nm, NPs solubility, as least for CuO and ZnO NPs, are not different from
bulk above 20 nm.
Although bulk CuO is relatively insoluble, the presence of hydrogen ions either
from acidity or the self-ionization of water promotes the dissolution of CuO, such that for
every 0.5 drop in pH, the dissolution increases by a factor of ten (Lindsay 1979)
(Equation 1). The influence of pH on the dissolution of CuO is notable.
yields

CuO(tenorite) + 2H+(aq) →

Cu2+
(aq) + H2 0 log K=7.66

Eqn.1

The solubility of CuO is also enhanced with the complexation of Cu2+ with water,
which is capable of forming various hydrolyzed species (Palmer 2017). Copper also
complexes with carbonate (Leitner et al. 2019), phosphate (Cao et al. 2009; Conway et al.
2015), and a variety of biologically produced organic molecules with various functional
groups, including carboxylic acids, phenols, amines, and -N and -S in solution. The
extent of the dissolution is dependent on the concentration and composition of ligands
present.
CuO NPs studies previously promoted that a key aspect of CuO NPs was due to
the reactivity of the CuO NPs and not the release of Cu (Zhang et al. 2016). However,
recent studies have demonstrated that the dissolution of CuO to Cu is the major aspect of
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the reactivity (Dimkpa et al. 2011; Gao et al. 2018; Hortin et al. 2019; Lin et al. 2018; Pu
et al. 2019). Pu et al. (2019) found that at equal Cu concentrations (~500 mg Cu/ kg)
CuSO4 had higher toxicity than CuO NPs and proposed it to be from the slower
dissolution of Cu from the CuO NPs. Peng et al. (2019) found that CuO NPs when at
equal dose of 1000 mg/kg compared to bulk CuO were more damaging to rice growth
and released more Cu into soil than the bulk counterpart for most of the rice’s growth
cycle. Understanding the dissolution of CuO NPs is necessary for the proper application
and use of CuO NPs.

4.2 CuO interactions in planted systems
4.2.1 Plants
Copper, as a required nutrient for plants, is used primarily for the regulation of
ethylene, enzyme production, plastocyanin, and Cu-Zn SOD proteins, and photosynthesis
(Migocka and Malas 2018). Cu ions (Cu2+ and Cu+) are capable of being taken up by both
selective Cu transport proteins and non-selective proteins within the root cell wall, and
once within the cell are typically chelated to metallothioneins (MTs) or other metalchelating proteins (Printz et al. 2016). Numerous genes within plants have been identified
as being Cu chaperoning in nature (Clemens 2001). A lack of Cu causes decreased leaf
growth and grain reduction (Alloway and Tills 1984).
The use of Cu as a fertilizer has been investigated due to the relationship of Cu to
chlorophyll. Studies investigating the impact of Cu fertilizer on crops have found an
increase of chlorophyll and photosynthetic rate for wheat (Moreira et al. 2019) and basil
(Abbasifar et al. 2020). Soybeans had an increase of chlorophyll, photosynthetic rate, and
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transpiration rate, but had a decrease in water use efficiency and intercellular CO2
concentration and decreased the amount of Fe in the soybean grain (Moreira et al. 2019).
As a foliar applicant CuO NPs protected lettuce from photoinduced oxidative stress by
increasing secondary metabolites and antioxidant enzyme activity (Kohatsu et al. 2021).
CuO NPs application to crops supplies a slow release of Cu. CuO NPs have also been
investigated to improve crops by increasing the germination rate (Zakharova et al. 2019).
The use of CuO NPs for increasing drought resistance has been found to occur in the
presence of the root-colonizing bacteria (Jacobson et al. 2018; Yang et al. 2018).
However, Cu can cause phytotoxic effects on plants when in excess as reviewed
by Kumar et al. (2020). Cu in excess decreases root growth and morphology, with
decreased root hair growth and interveinal foliar chlorosis. Excess Cu disturbs chloroplast
and thylakoid membrane composition, induces oxidative stress, and decreases
photosynthetic pigment and photosynthetic electron transport. The production of reactive
oxygen species (ROS) are then able of damaging cells further, including proteins and
DNA (Halliwell and Gutteridge 1984). It is noteworthy that Cu has a narrower margin of
difference between nutrient and toxin in both plants, such as rapeseed (Ivanova et al.
2010), and bacteria, such as Escherichia coli (E. coli) (Campbell et al. 2000), when
compared to most other metals. The dissolution of CuO NPs to Cu is notable as it is
proposed that the toxicity of CuO NPs is not from a nano-specific reaction, but from the
dissolution of CuO NPs to Cu2+ as found with barley (Qiu and Smolders 2017), maize
(Pu et al. 2019), and red clover and a grass (Velicogna et al. 2020) studies. The threshold
of Cu tolerance for wheat was between 30 and 100 mg Cu/kg of sand (McManus et al.
2018). Cu is also known to interfere with Fe both within the grain, by decreasing the Fe

15
content of wheat and soybeans (Moreira et al. 2019), and within the plant leaves during
Fe deficiency, causing an increase of Cu uptake to the point of toxicity in Arabidopsis
(Waters and Armbrust 2013).
It is noteworthy that studies have found negative dose-dependent impacts from
the addition of CuO NPs such as oxidative stress (Wang et al. 2020; Yang et al. 2020) or
decrease of essential amino acids in wheat grain (Wang et al. 2019b). Toxicity of CuO
NPs in rice and wheat, causing shorting of roots and shoots, has been found with doses >
62.5 mg/L for rice in a hydroponic study (Yang et al. 2020) and 100 mg/kg for wheat
grown in a sand matrix (McManus et al. 2018). At the time of writing, accidental or
unintentional addition of CuO NPs is the primary means of introducing into the
environment (Keller et al. 2017). Continued research for agricultural uses of CuO NPs
could prove valuable for farms to purposefully apply CuO NPs to their land.
4.2.2 Soil bacteria with emphasis on PcO6
Investigations into the interactions between CuO NPs and bacteria have been
performed typically focusing on toxicity (Baek and An 2011; Dimkpa et al. 2011; Pandey
et al. 2014). These studies used common single bacterium such as E. coli (Baek and An
2011) and Bacillus (Pandey et al. 2014). A research team at USU has focused on the use
of a single bacterium, PcO6. Though the single bacterium cultures used in these studies
were isolated from the environment, they are not necessarily accurate representations of
the microbial communities that develop in natural systems. However, these studies did
provide specific information on interactions between bacterium and CuO NPs.
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PcO6 is a Pseudomonas root colonizing bacterium isolated from wheat roots
growing in calcareous agricultural soils in Logan, UT (Spencer et al. 2003). It has been
shown to positively affect wheat, including drought tolerance (Jacobson et al. 2018) and
salinity tolerance (Cho et al. 2012). Studies focused on the impact of CuO NPs and PcO6
have been performed (Dimkpa et al. 2011, 2012c). CuO NPs exhibits dose-dependent
toxicity to PcO6 (Dimkpa et al. 2011) with the accumulation of intracellular ROS
correlating with the lethality of the CuO NPs. At sublethal levels, CuO NPs alter the
metabolism of PcO6, including a decrease of pyoverdine production (Dimkpa et al.
2012a; b) and an increase of the secretion of indole-3-acetic acid (IAA), which is used by
both plants and microbe as a signaling hormone and is a plant growth regulator. The
increased secretion of IAA from PcO6 in the presence of CuO NPs could allow CuO NPs
to act as indirect fertilizers. In contrast, the reduction of pyoverdine production, the
primary siderophore of many pseudomonads, could cause Fe deficiency in the bacteria
disrupting the soil microbe community. In a broader environmental impact, the presence
of Cu, either free or from CuO NPs, impact the nitrogen cycle within the system by
altering the expression of nitrification or denitrification genes of rhizosphere bacteria
(Guan et al. 2020; Simonin et al. 2018).
4.2.3 Rhizosphere exudates
Exudates are released both by the plant roots and by bacteria in a symbiotic, and
at times competitive, relationship. These exudates vary in purpose and amount even
between cultivars within the same growing conditions (Iannucci et al. 2021). These
exudates, including sugars, proteins, and amino acids are released by plant roots in
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support of bacterial colonization, while various other chemicals are released to control
the movement of metals, signal, or change the pH.
Specific exudates are used by plants and microbes to acquire nutrients from the
rhizosphere. These exudates are often metal chelators that enhance the dissolution of
otherwise insoluble metals to manage the bioavailability of nutrients and toxins in the
rhizosphere. The nature of the exudates released by plant roots is dependent on the
conditions of the soil, the signals released by the bacteria, and the stress on the
rhizosphere organisms.
Amino acids complex with metals, such as Cu, Fe, or Zn, (Clemens 2019; Flis et
al. 2016) and are in exudates of plant roots, including wheat (Jones 1998). It is proposed
that AAs are used as metal ligands, though released in a lesser amount than LWMOAs
(Huang et al. 2020). LMWOAs, such as acetate, malate, oxalate, citrate, and formate, are
capable of complexing with metals and are proposed to be used for metal management by
plants (Jones 1998). In addition to metal complexation (Jones 1998), LMWOAs are a
primary method used by plants to control the pH, based on cation-anion balance, of the
soil around the roots (Hinsinger et al. 2003). However, it is expected that specific means
of pH adjustment is species and environment based. Though primarily used as a means of
manipulating metals in the rhizosphere (Clemens 2019), like LMWOAs, AAs are also
capable of altering the pH, but due to the lower concentration in comparison to
LMWOAs (Huang et al. 2020) the effect is expected to be minimal.
The need for Fe has resulted in specific and unique means for Fe manipulation in
both plants and microbes. Plants have two strategies of Fe uptake (Römheld and
Marschner 1986). Strategy I plants, all plants except grasses, obtain Fe through enhanced
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proton release and reduction of Fe3+ to Fe2+ at the root surface. For Strategy II, grasses
release organic compounds for Fe3+ chelation and uptake (Wang et al. 2019a).
Phytosiderophores, organic acids produced specially by Strategy II plants for Fe
chelation, are capable of mobilizing Cd, Cu, Ni, Pb, and Zn in addition to Fe
(Puschenreiter et al. 2017). Even when Fe is not deficient, mugineic acid is produced by
barley in response to Zn deficiency (Suzuki et al. 2006). DMA, produced by the calcicole
grass Hordelymus europaeus (L.), was released under Cu deficiency conditions (Gries et
al. 1998). DMA was released for Fe and Zn uptake in rice (Banakar et al. 2019) and
wheat (Oburger et al. 2014), but was also capable of chelating with Cu (Schenkeveld et
al. 2014a; Treeby et al. 1989).
Siderophores produced by bacteria and fungi, are released for the chelation of
iron, Fe3+ specifically, under Fe limiting conditions (Neilands 1995). The four groups of
siderophores produced by bacteria and fungi are hydroxamate siderophores, including
ferriozamine B (bacteria) and ferrichrome (fungus), catecholate siderophores, such as
enterobactin, carboxylate siderophores, such as rhizobactin, and mixed type siderophores,
such as pyoverdine (Ahmed and Holmström 2014) (Fig. 1).
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Fig. 1. The four main types of siderophores. The catecholate group are highlighted green,
the hydroxamate group are highlighted blue, the carboxylate group are highlighted red,
and binding moieties are highlighted orange (Holden and Bachman 2015).

Phenolate siderophores are typically included under the catechol siderophore
category due to similarities in structures or under the mixed group (Holden and Bachman
2015). Catechol siderophores were associated with bacteria, while hydroxamate
siderophores tended to be from fungus or bacteria of the Actinomycetales order
(Matzanke 1991). However, exceptions to these associations exist, such as the
siderophore produced by Pseudomonas, pyoverdine, which contains both a catechol and a
hydroxamate group.
Plants are capable of using bacterial siderophores for Fe uptake when Fe deficient
(Crowley et al. 1991). Likewise, P. putida and P. fluorescens use the phytosiderophore,
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mugineic acid (MA), as a source of Fe (Boiteau et al. 2021; Jurkevitch et al. 1993) and
even decrease pyoverdine production in favor of the use of phytosiderophores (Boiteau et
al. 2021; Marschner and Crowley 1998). Native bacteria within a calcareous soil
consume DMA, both free and chelated with Fe, Cu, Zn, Ni, or Co, but not at a scale
capable of harming the acquisition of Fe by Strategy II plants (Schenkeveld et al. 2014b).
Many bacteria also steal siderophores produced by other microbes for Fe
acquisition. This occurrence is believed to be the origin for the diversity and specificity
of microbial siderophores (Fig. 1) (Harrington et al. 2015). Some bacteria, specifically an
unidentified pseudomonad, are capable of not just stealing ferrichrome but using it as a C
and N source (Warren and Neilands 1964), and it is proposed that fungi could be capable
of this as well (Harrington et al. 2015).
The complexity of this competition for production and utilization among soil
microbes and plants for Fe (and other metals) is illustrated in research reported by
Boiteau et al. (2021). A grass, Brachypodium distachyon increase phytosiderophore,
DMA and MA, production in the absence of P. fluorescens SBW25 under Fe deficient
conditions. Growth in the presence of the bacterium, P. fluorescens, upregulated genes
encoding biosynthesis and uptake of these phytosiderophores but these phytosiderophores
were not detected in the growth media (Boiteau et al. 2021). The plant was producing
MA and DMA which were utilized, if not consumed, by the bacterium; with the
production of phytosiderophores, the bacterium no longer produces its siderophore,
pyoverdine, as a conserving energy and nutrient strategy. From this, it can be presumed
that other, yet to be identified, microbes could use phytosiderophores for Fe. In other
studies, the bacterial siderophores desferrioamine B inhibited Fe uptake by wheat plant
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(Sadrarhami et al. 2021). This study however was conducted with wheat growth in the
presence of the siderophore but not the bacterium that produce it.
The ability of Cu to bind with some microbial siderophores, as shown with E. coli
(Koh and Henderson 2015) and Pseudomonas (Ringel and Brüser 2018), is expected to
impact the microorganisms. The presence of Cu salts (dosing from 10 to 100 M) caused
a decrease of the catecholate-type siderophore produced by a Bacillus (Gaonkar and
Bhosle 2013). It was proposed by Gaonkar and Bhosle (2013) that the decrease in
siderophore production in the presence of the Cu salts was due to higher cellular
accumulation of the Cu leading to toxicity. The decreased production of siderophores in
the presence of CuO NPs contrasts with an increase of pyoverdine produced by PcO6 in
the presence of Cu ions (Dimkpa et al. 2012c) and that Cu can induce pyoverdine
synthesis (Ringel and Brüser 2018). Similarly, an increase of exudates, such as citrate and
succinate, released by plants when exposed to Cu was observed (Brunetto et al. 2016;
Meier et al. 2012).
4.2.4 Rhizosphere exudates interactions with CuO NPs
In the presence of a root colonizing bacteria PcO6 and CuO NPs (100 mg/kg Cu),
wheat plants exuded an increased amount of gluconate and DMA compared to wheat
grown without PcO6 (Hortin et al. 2019). The amount of DMA released by the wheat
increased as the dosing of CuO NPs increased (30, 50, 100, 200, and 300 mg Cu/kg)
(McManus et al. 2018). An increase of citrate and malate occurred in the presence of
CuO NPs (100 mg Cu/kg) under sterile conditions (Hortin et al. 2019). It is expected that
the wheat produced increased amounts of citrate and malate in the presence of PcO6 as
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well, but the bacteria consumed these exudates. In support of this expectation, the amount
of exudates released by Brachypodium distachyon (a grass used as a model organism for
cereals) decreased, the various genes associated with the exudation production had
activated in the presence of P. fluorescens (Boiteau et al. 2021). The citrate and malate
are for managing Cu within and around the root cells (Jones 1998), and the increase of
gluconate is likely from the root colonizing bacteria presence in response to the system
forming Cu-gluconate (Hortin et al. 2019). It is proposed that the increase of DMA is
from a need for Fe caused by Cu complexation to DMA. In contrast to the increased
amount of the phytosiderophore DMA, pyoverdine produced by PcO6 decreased in the
presence of CuO NPs (Dimkpa et al. 2012a; c).
4.2.5 Rhizosphere exudates and CuO solubility
Peng et al. (2019), based on LMWOAs produced by rice, found that citric, oxalic,
tartaric, formic, malic, lactic, acetic, and succinic acids, tested individually, caused an
increase dissolution of CuO NPs with increased concentration of the LMWOAs; formic
acid promoted the greatest dissolution when individual LMWOAs were dosed at 10
mg/L. Citric acid was produced the most by rice roots and thus would have the largest
impact on CuO NPs dissolution based on produced concentrations (Peng et al. 2019). In
the presence of synthetic root exudate, made up of basic sugars, LMWOAs, and a few
AAs, nano Cu readily dissolved (Huang et al. 2017).
AAs become more important in CuO NPs solubility as the dosing of the NPs
increase, accounting for ~10% of Cu complexes at 10 mg Cu/kg dosing to ~40% at 300
mg Cu/kg dosing (McManus et al. 2018). Sulfhydryl groups are known to strongly
complex Cu, this is noteworthy as some organic compounds, such as the proteinogenic
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amino acid cysteine, contain this group and can bind to or be altered by Cu (Rigo et al.
2004). Beyond being able to attach to Cu ions as required for cellular uptake (Broadley et
al. 2012; Printz et al. 2016), proteins can coat CuO NPs altering their dissolution (Miao et
al. 2015a). Studies relating to LMWOAs and other plant rhizosphere exudates on the
solubility of CuO NPs apply to the understanding of CuO NPs solubility in a rhizosphere
as a whole. However, the inherent properties of the plant species within the rhizosphere
have a dramatic impact, as such a specific focus on wheat, a component of this study, is
paramount.
When wheat (Triticum aestivum cv. Dolores) was exposed to increasing doses of
CuO NPs, the amount of DOC, produced purely from wheat exudates, present in the pore
water increased as well (McManus et al. 2018). At lower doses of Cu (10 and 30 mg Cu
of CuO NPs/kg of sand), LMWOAs, primarily citrate and to a lesser extent malate, were
the prominent means of Cu complexation, however, at higher doses (200 and 300 mg Cu
of CuO NPs/kg of sand) DMA and to a lesser extent amino acids were the prominent
means of Cu complexation (McManus et al. 2018). In a similar study by Hortin et al.
(2019), the organic exudates released by wheat in a sterile system increased the dissolved
Cu, free Cu, and Cu associated with the wheat roots. A decrease of dissolved Cu and free
Cu occurred in the presence of PcO6 correlating with a decrease of LMWOAs in solution
(Hortin et al. 2019), supporting the impact of a complete rhizosphere system on the
solubility of CuO NPs.

4.3 Bioavailability
The biotic ligand model (BLM) (Di Toro et al. 2001) and the free ion activity
model (Morel and Hering 1983) state that the bioavailability of metals to aquatic and
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terrestrial biota is due to only the free metal ion; metal complexes are not bioavailable.
Thakali et al. (2006) and Lin et al. (2018) reported that the BLM predicted Cu toxicity to
barley root elongation. Recent studies, however, with bacteria and plants have shown that
various metal complexes are bioavailable (Hortin et al. 2019; McLean et al. 2013; Parker
et al. 2001) requiring the development of new models to account for Cu complexes (Lin
et al. 2018; Thakali et al. 2006). Hunag et al. (2017) found that an increase in the
presence of Cu, free plus complexed with components of a synthetic root exudate
solution, does not always lead to an increase in bioavailability within cucumber plants.
The ability for Cu complexes to impact the bioavailability of Cu requires an
understanding of the various ligands that complex with Cu.
Of the known Cu complexing ligands citrate is especially noteworthy due to its
biological use. Specific transporters of citrate had been identified in various organisms,
though how these transport mechanisms function varies among species (Bergsma and
Konings 1983). Parker et al. (2001) found citrate mitigated the toxicity of Cu on wheat
root length due to the Cu-citrate complex not being bioavailable, while McLean et al.
(2013) reported that citrate increased Cu bioavailability for the root colonizer P. putida.
The pH was especially influential on citrate complexation with Cu using the free-ion
activity model in comparison to malate (Parker et al. 2001). It is noteworthy that the
Parker et al. (2001) study was at pH 6 ± 0.10, near the pKa of citrate (pKa = 6.4), which
could explain the impact pH had on citrate complexation with Cu. Complexation of Cu
with citrate partially mitigated the inhibition of root elongation of the wheat seedlings
when compared with the response to 1.6 μM free Cu2+ toxicity (Hortin et al. 2019). In
contrast to citrate, malate, which has a similar pKa as citrate, forming a Cu-malate
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complex, contributed to the toxicity of wheat (Parker et al. 2001). Benzoic acid increased
the toxicity of CuO NPs to an alga Scenedesmus obliquus (Wang et al. 2016). Inhibition
of wheat root elongation was observed with the Cu-ligands of malate, DMA, arginine,
valine, and glycine (Hortin et al. 2019). The bioavailability of Cu-DMA, in particular,
was supported by the observation that DMA increased Cu uptake in wheat (Hortin et al.
2020). Other LMWOAs, such as oxalate, can increase Cu solubility while decreasing Cu
uptake (Huang et al. 2017; Seuntjens et al. 2004).
Soil properties also influence bioavailability of Cu. Lexmond (1980) showed that
higher pH values (pH ~ 8) increased the amount of Cu associated with maize roots and
reduced the intensity of Cu toxicity, having a net effect of alleviating Cu toxicity. In the
study by Hortin et al. (2019), humic acid-Cu complexes inhibited root elongation whereas
fulvic acid was protective of Cu effects on roots.
Though the dissolution of CuO NPs into Cu is critical to most forms of
bioavailability, CuO NPs are taken up, physically, into plants and accumulate in leaf
tissue allowing for further transfer of the nanoparticles in the environment (Keller et al.
2018).
The complexity inherent in both the organisms present in the rhizosphere and the
ligands present in the system complicates understanding the bioavailability of Cu,
stemming from CuO NPs. Efforts to use single or simplified systems fail to account for
this variety within the rhizosphere or fail to account for the Cu toxicity threshold. A
system with a variety of microorganisms, and thus an array of ligands and transport
mechanisms, and CuO NPs doses above and below toxicity thresholds is required to
understand the manipulation and impact of Cu within a rhizosphere.
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4.4 CuO NPs interactions in soil
The overall fate of NPs in whole soils is complicated by interactions with the soil
solid phases. In whole soil, a fraction of the Cu from the dissolution of CuO NPs binds to
solid surfaces, such as soil organic matter and soil minerals. Gao et al. (2017) found that
~20% of Cu from CuO NPs was unavailable for plant uptake based on
diethylenetriaminepentaacetic acid (DTPA) extractions through interaction of Cu with the
solid phase of the soil. DTPA extraction is a common method of determining plant
available metals from soils such as Cu and Fe (Lindsay and Norvell 1978).
CuO NPs will also aggregate together (homoaggregation) and with soil collides
(hetroaggregation) as reviewed by Keller et al. (2017). Conway et al. (2015) found that
ionic strength influences the aggregation, dissolution, and sedimentation of CuO NPs
within an aqueous matrix. Ionic strength was positively correlated with aggregation and
with sedimentation rate (Conway et al. 2015). However, the rate of sedimentation is not a
critical component within solid matrixes due to the difference in mechanisms at play.
NPs and NP-aggregates are capable of depositing on soil solids, with both of these
actions decreasing the dissolution and availability of the NPs for the system (Cornelis et
al. 2014). Root exudates change of the flow of water within pore spaces and alter sorption
to the soil (Paporisch et al. 2021).
The presence of CuO NPs within soils changes over time, referred to as aging.
When immediately applied to soil (<5 days), CuO NPs are chemically influenced
predominately by pH, with a slow release of Cu in alkaline soils (pH 8) when compared
to the addition of Cu(NO3)2, however, the addition of CuO NPs to acidic soils (pH 5-5.3)
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promoted a rapid release of Cu comparable to the amount of Cu released by nitrate salt.
Over a longer period (>135 days), Cu from CuO NPs becomes associated with iron
oxides and soil organic matter (SOM) (Sekine et al. 2017), no matter the form of Cu
added to the soil, CuO NPs, CuS NPs, or Cu ion. Ma et al. ( 2014) found that CuO NPs
tended to form CuS or Cu2S when under reducing conditions. The transformation of Cu
to Cu-sulfur compounds, sulfurization, is expected to only occur under anerobic
conditions. Over time the fate of Cu, regardless of the source, is dictated by soil
properties.
The chemical makeup of the soil is a critical component of its identity. The
typical pH of most soil ranges from approximately neutral varying to slightly acidic.
However, calcareous soils containing ample calcium carbonate, such as the soils of the
Intermountain West of the United States, are slightly (7.4 - 7.8 pH) to moderately (7.9 8.4 pH) alkaline. Higher pHs, such as those of the Intermountain West, have been viewed
as "less important" for analyses due to the impact of pH on reducing metal toxicity to
plants (Lin et al. 2018). This higher pH reduces the rate of hydrogen ion consuming
reactions, notably the dissolution of CuO NPs (Equation 1). Beyond reducing metal
toxicity, calcareous soils are known to reduce general nutrient bioavailability, such as P
(Taalab et al. 2019). The higher pH causes phosphorus to precipitate with Ca, forming
meta-stable soluble complexes that can become less soluble and more stable over time
(Penn and Camberato 2019). Phosphate, present in soils and natural waters, influence the
dissolution of CuO NPs (Conway et al. 2015) by complexing the Cu. A common exudate
of microbes is gluconate that functions as a means of mining phosphate in otherwise
insoluble forms. It is noteworthy that Strategy II plants are less inhibited by high pH or
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calcareous soils, than Strategy I due to the influence of pH has on Fe reduction (Römheld
and Marschner 1986).
Calcareous soils contaminated with Cu lacked CuO formation in a column study
(Dudley et al. 1991). It is suspected that the Cu was retained by sorption to the CaCO3 as
opposed to precipitating (Kitano et al. 1976; Schosseler et al. 1999). Ponizovsky et al.
(2007) found that as Cu2+ sorbed in calcareous soils, Ca, Mg, Na, and H cations were
released. Though calcareous soils tend to have exceptional buffering capacity due to the
presence of CaCO3 within the soil, it is possible that the release of H ions due to Cu
sorption, organic matter present in the soil, and processes in the rhizosphere, could
overcome the buffering within the rhizosphere and lower the pH, promoting CuO
dissolution.
Cu associates with solid organic fractions within soil regardless of the Cu source
(CuSO4, CuO (bulk) and Cu associated with sludge (Bolan et al. 2003). The solubility of
CuO NPs correlates with solid and pore water organic content within soils (Gao et al.
2019). Hortin et al. (2020) reported that the solubility of CuO NPs in alkaline and
calcareous systems is related to the dissolved soil organic matter content, the organic
content including both rhizosphere exudates and soluble organic material extracted from
soils. HA and FA are products of degradation of plant matter within the environment and
as such are complex organic compounds with multiple functional groups that vary greatly
in size from a few hundred to several thousands of Daltons (Gaffney et al. 1996;
Shinozuka et al. 2004). FA tend to be smaller than HA in size but can overlap in size
(Chin et al. 1994; Thurman et al. 1982).
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HA can increase the amount of soluble Cu present in the soil (Hsu and Lo 2000).
HA and FA are likely to be involved in increasing solubility. Liu et al. (2020) found that
dissolved HA promoted dissolution of CuO NPs, but with increasing HA concentration
the promotion diminished; it was proposed that the HA self-aggregated or homoconjugated decreasing sites capable of complexing with the NPs. Hortin et al. (2020)
observed higher CuO NPs solubility in a sand matrix with soil pore water extracts
compared to solubility in flask studies with pore waters alone. Hortin et al. (2020)
proposed that the DOC coated the sand matrix minimizing DOC coating of the NPs and
homoconjugation of the organic material both that suppress CuO dissolution.
Though the solid phase of the soil is critical to the behavior of CuO NPs within
the soil, the focus of this research is that of solubility in water. The removal of
confounding factors, such as the mineral phase, can occur with the use of soil pore water.
This extract of the soils maintains a portion of the soil's characteristics, including pH, EC,
DOC, and other dissolved components while lacking the solid component of soil (Hortin
et al. 2019, 2020). The use of pore water would provide insight into the impact of soil on
the solubility of CuO NPs.

4.5 CuO NPs environmental impact research focus
CuO NPs were originally perceived to be toxic to bacteria, fungi, and other
microorganisms present in soil environments in part from the unique properties of being a
nanoparticle. However, the bioavailability of soluble Cu is the primary factor in the
toxicity of CuO NPs (Pu et al. 2019; Qiu and Smolders 2017). Thus, CuO NPs is not the
primary source of toxicity, but the free Cu and Cu complexes that are toxic in the soil
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environment (Velicogna et al. 2020). The release of Cu from the CuO NPs is affected by
pH, with dissolution decreasing with increasing pH (Equation 1). However, even under
alkaline conditions, CuO NPs solubility is enhanced through complexation with dissolved
organic matter, which is driven by root and microbial exudates. The complexation of Cu
may enhance or diminish the bioavailability of Cu to plants and microbes, which will
alter their response with changes in metabolites, including exudates. The importance of
Cu complexation does not inherently undermine the importance of the nano-sizing of the
particles. It was the focus of this work to evaluate and explore these plant-microbe-CuO
NPs interactions for better applications and use of CuO NPs in the environment; to
understand the interactions that occur between plants, microbes, and CuO NPs within the
real world to avoid damage and to maximize benefit.

5. Experimental Design
This study was designed to observe influences on the solubility of CuO NPs, the
resulting bioavailability, and plant response to Cu, due to chemical characteristics of soil
saturation paste extracts (SPEs) and altered exudates due to the presence of native
microorganisms while under the influence of actively growing wheat root. SPEs,
extracted from three soils, two alkaline soils and an acidic soil, were added to a sterile
sand matrix. Studies were conducted with native SPEs (mSPE) and filter-sterilized SPEs
(SPE) to evaluate the influence of native microbe communities. Doses of CuO NPs, 30
and 100 mg of CuO NP/kg as Cu, were mixed into the sand used to grow the pregerminated wheat for ten days. These CuO NPs concentrations were based upon previous
experiments where a 30 mg/kg dose was shown to be statistically different from no CuO
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NPs in terms of plant root response, such as the exudation of citrate and malate but not
root shortening (McManus et al. 2018). A 100 mg/kg dose was sufficiently high to cause
wheat root shortening in addition to causing an increase of organic exudates released
(McManus et al. 2018). An experimental design unit consisted of three mSPEs and three
SPEs, both at the two doses of NPs in triplicate (n=36). This experimental unit was
repeated twice more (n=108). The total number of boxes for the experiment, 108 boxes,
was too numerous to handle for planting, harvesting, and analysis. In order to overcome
this, the experiment was blocked on experimental units (Fig. 2). The purpose of blocking
was to reduce variability within the data so that the effects of the process variables could
be better estimated. Typical controls for CuO NPs, such as bulk CuO and ion controls,
were not used as the focus was on CuO NPs solubility and the resulting complexation and
plant uptake under the previously described conditions.

mSPE

SPE
AgrM

OrgM

TWDEF

AgrM

OrgM

30

TWDEF

100

CuO NP Dose
(mg Cu/kg)

SPEs

Fig. 2. Summary of treatments on wheat with varying CuO NPs doses within an
experimental unit. Doses are in mg Cu/kg of dry sand. SPE and mSPE to saturation paste
extracts (SPE) inoculated with either an extract of native soil microbes added to the
saturation paste extracts (mSPE)s or filter sterilized SPE. Each black box represents a
plant growth box. This experimental unit was repeated two additional times.
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A power of the test (alpha=0.05, power=0.8), performed by the statistical software
JMP, using data from McManus (2016), showed that an n=6 per box type was sufficient
to reduce error to observe differences at p=0.05 for DMA and gluconate exudation, and
that an n=7 was sufficient for dissolved Cu concentration in the pore water (PW). The
present experimental design (Fig. 2), repeated two additional times, results in an n=9.
After ten days of growth, the plants were harvested, separating roots from shoots
to analyze Cu within the above-ground tissue. The sand was extracted with a 45 ml
addition, acting as a dilution, of deionized water to ensure enough liquid for analysis.
This dilution was accounted for in the analysis of the pore water. This pore water was
analyzed for CuO NPs dissolution influenced by SPE chemistries, microbes, and
exudates. Geochemical modeling was used to predict Cu complexes present in solution
and dissolution characterization of CuO NPs.

6. Materials and Methods
6.1 Preparation and quantification of soil pore waters
Soil (0-10 cm) was collected from the Greenville Organic Farm (41 45’ 48” N,
111 48’ 47.5” W) (OrgM), the Greenville Centennial Research Farm (41 45’ 48” N,
111 48’ 51.5” W) (AgrM), both at Utah State University in Logan, UT and soil from the
T. W. Daniel Experimental Forest (41 51’ 36” N, 111 30’ 0” W) (TWDEF) located in
the Bear River Range of northern Utah, about 15 km south of the Utah-Idaho border. The
two farm soils (OrgM and AgrM) were Millville series (coarse-silty, carbonatic, mesic
Typic Haploxerolls). The TWDEF soil was collected from a mountain meadow (~2630 m
above sea level) and was an un-mapped inclusion. The Millville soils were selected for
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their similarity in pH and other general soil properties but differences in soil organic
matter (SOM) quantity and quality due to management practices. The OrgM has been a
certified organic farm for over 10 years. It was amended with compost and planted with
cover crops when not cropped. In contrast, the ArgM was a conventionally managed
research field (synthetic fertilizers and herbicides were permitted) in wheat/ alfalfa
rotation used for wheat breeding. Both the OrgM and AgrM soils were routinely irrigated
during the growing season. The TWDEF mountain meadow soil was selected to provide a
lower pH soil. Soils were sieved to < 2 mm, stored covered to maintain field moisture
content, and refrigerated to minimize charges in biological and chemical properties over
the three trials. Table A1 contains information regarding the characterization of the three
soils.
The soils were saturated with deionized sterile water to create a saturation paste
(Rhoades 1996) and were allowed to equilibrate for 18 hours. The soils were refrigerated
prior to being saturated to minimize deterioration; the soils were given time to acclimate
to room temperature before saturation. After 18 hours, the soils were centrifuged for 30
minutes at 5000 rpm (3200 x g) and the supernatant collected. This supernatant, termed
the saturation paste extract (SPE), was analyzed for LMWOAs, cations, anions, AAs,
DMA, FA, HA, pH, soluble OC, and EC. Table 1 represents a summary of the defining
characteristics of the SPEs. Table A2 presents all the data. The specific methods of these
analyses are described in section 6.2.5 Pore water chemical analyses.
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Table 1. Characteristics of saturation paste extracts (SPEs). Averages ± standard
deviation.
Characteristics of soil pore extracts
Soil abbreviations

TWDEF

ArgM

OrgM

pH
EC (µs/cm)
Soluble OC (mg C/L)

6.5 ± 0.44
190 ± 101
11.8± 10.6

8.0 ± 0.09
668 ± 82.7
55.7 ± 22.7

8.1 ± 0.04
676 ± 23.3
133 ± 53.3

FA (mg C/L)

2.92 ± 2.23

11.7 ± 3.11

23.9 ± 0.85

HA (mg C/L)

< 0.8

1.19 ± 0.05

2.45 ± 0.29

Acetate (mg/L)

0.05 ± 0.03

0.05 ± 0.03

13.2 ± 2.32

Soluble Cu (µg/L)

0.87 ± 0.10

15.7 ± 1.10

25.5 ± 2.59

Soluble Fe (µg/L)

2.46 ± 0.36

16.7 ± 9.55

16.0 ± 2.86

The SPE analyses justified the selection of the three soils due to the measured
soluble organic carbon (OC) and measured pH. The OrgM SPEs had a higher amount of
soluble OC (based on Tukey HSD, p<0.05) compared to the other agricultural soil. It is
speculated that this difference is due to the historical application of compost to the OrgM
field site. The TWDEF SPEs had the lowest concentration of DOC. The chemical
composition of the soluble OC differed among the SPEs. The two agricultural soils
contained FA and HA, with the OrgM SPE having higher concentrations of these humic
materials. The levels of HA for TWDEF were below the detection limit (<0.8 mg/L as
carbon).
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The TWDEF SPE had a significantly lower pH (6.52) than the AgrM (8.02) and
OrgM (8.13) SPEs. The relatively low pH of the TWDEF SPE stems from the lack of
carbonates within the soil acting as a buffer (Appendix Table A1). In contrast, the two
Millville soils are calcareous in makeup.

6.2 Preparation of wheat boxes, wheat growth, harvesting, and analysis
6.2.1 Characterization of CuO NPs
The CuO NPs (< 50 nm; Sigma-Aldrich) had been previously characterized by Xray diffraction (XRD, Panalytical X’Pert Pro) (Hortin et al. 2019) and SEM/EDS (FEI
Quanta FEG 650/ Oxford, X-Max detector) (Jacobson et al. 2018). The XRD identified
the CuO NPs as tenorite with possible Fe3O4 contamination, while the SEM images
determined the NPs diameters (n=30 from 3 images) had an average of 46 nm with a
median diameter of 38 nm (Hortin 2017).
6.2.2 Wheat box preparation
The sand was washed in deionized water (DW) and heated overnight at 550 °C in
a muffle furnace to remove residual OC, rinsed again with DW, dried at 100 °C, and
stored. The sand, 10.8 kg for each experimental unit, was divided into nitric acid rinsed
glass trays so that the depth of the sand does not exceed 2.5 cm, moistened, covered in
foil, autoclaved (dry cycle) for 1 hour at 121 C and 0.10 MPa, allowed to incubate for
two days to stimulate microbial growth, and then autoclaved again for 1 hour (Wolf and
Skipper 1994). All other equipment and glassware were nitric acid rinsed and sterilized.
Aseptic conditions were maintained throughout the study with glassware being
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autoclaved before use, a laminar flow hood being used at all points of experimentation,
except for the harvest, all utensils were flame sterilized before every use, and ethanol was
used to sterilize all workplaces before use.
The autoclaved sand was divided into 5.4 kg portions into 3.8 L sterile bottles and
dosed with CuO NPs to reach a mass of 203 mg or 675 mg CuO NPs for the 30 mg Cu/kg
and 100 mg Cu/kg dosing, respectively, then tumbled for 30 minutes to homogenize the
sand-NPs. The mixture was divided into 300 g portions and added to acid rinsed,
autoclaved, at 121 Celsius for 20 minutes MagentaTM boxes (MagentaTM, Aldrich,
V8505, 10x7x7 cm).
Saturation paste extracts from the soils were generated for each experiment, as
described previously. Half of the volume was filter sterilized using 0.1 m filters to
remove microbes, referred to as SPE. The remaining half of the SPEs were inoculated
with microbes extracted from the associated soil to restore microorganisms lost from
centrifuging to extract the SPEs, referred to as mSPE. This mSPE inoculant was made
with a ratio of 1 g of soil to 10 ml of sterile DW, vortexed for 1 minute, allowed to settle
for 10 minutes, then added to the SPE at a fixed ratio of 1-part inoculum to 100-parts
SPE. The fixed ratio of inoculant was determined by a preliminary experiment were
Luria-Bertani (LB) agar plates were inoculated with serial 1:10 dilutions of the inoculum
in filter sterilized SPEs. Plates inoculated with a ratio of 1:100 inoculum to sterilized SPE
were found to have the greatest amount of microbial growth while having the lowest
amount of soil particulate. The sand in each box was wetted with 45 ml of the SPEs; this
provided a moisture content 1.5 times the field capacity and sufficiently hydrated for
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wheat growth within MagentaTM boxes (McManus 2016) over the 10-day growth period
without additional watering.
Winter wheat seeds (var. Juniper) were surface sterilized with 3% bleach, rinsed
thoroughly with sterile DW, and pre-germinated on LB agar in Petri dishes for four days
to screen for possible external microbial contamination or endophytes. If any plates of the
germinated seeds were found to have microbial contamination the entire plate was not
used. The seedlings were transplanted to the boxes, with 25 seedlings per box buried 1
cm deep (Hortin et al. 2019).
6.2.3 Wheat growth
MagentaTM boxes were closed with lids having the same dimensions as the base
and sealed with parafilm. The wheat was grown for ten days under Yescom Inc softwhite LED light panels (230-520 µmol/m2-s, an average of 380 µmol/m2-s) (Potter 2020)
with a 16-hour light/ 8-hour dark cycle in a constant temperature room of 25 ± 1 °C. LED
lights provide higher intensity than fluorescent lamps, increasing photosynthetic activity,
biomass, and wheat yield (Monostori et al. 2018). The magenta boxes were rearranged at
random daily to minimize differences in light distribution from the LED panels
(Appendix Fig. A1). Figure A2 in the appendix represents the positioning of the magenta
boxes during the growth period.
6.2.4 Wheat harvesting
After the 10-day growth period, the wheat plants were harvested. Harvest
occurred 3-6 h after the beginning light period to ensure maximum root exudation
(Oburger et al. 2014). The MagentaTM boxes were opened, 45 mL of sterile DW was
added, and an equilibration period of 15 minutes was allowed for the added water to
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disperse. The addition of the DW was to provide sufficient volume for the required
analyses and to have an approximate 50% dilution of the sand pore water (PW).
The boxes were gently tapped following the equilibration period to loosen the
sand from the box walls, the wheat was then removed carefully, and the roots were
shaken to remove the attached sand. The above-ground tissue, tissue above the
coleoptile, was defined as the shoots. A cut separated the roots beneath the seed. One
root per planted box was plated on LB agar plates to verify the presence of microbial
colonies or lack thereof from the respective treatments. Sand grains and CuO NPs tended
to stick to the roots; the roots were gently washed with DW to remove the sand grains.
However, cleaning the roots of all particulates was not possible without damaging the
tissue, and thus some particulates remained. Root and shoot lengths were measured in
addition to root and shoot wet weight. The roots and shoots were then dried at 60° C and
reweighed to calculate the water content of the wheat and determine the dry weight
yield. Sand still attached to the roots released once dried and was accounted for in the
dry mass of the roots. The water content of the wheat was necessary to account for water
loss from the sand PW. Once dried, the roots and shoots were digested with nitric acid
(Jones and Case 1990), followed by an analysis of Cu and other trace elements by
inductively coupled plasma mass spectrometry (ICPMS) (Agilent 7700) to aid in
investigating bioavailability of Cu. Copper also affects the uptake of other nutrients in
particular, Fe was of interest.
6.2.5 Pore water chemical analyses
The sand remaining in the box was mixed, and the PW in the sand was extracted
using sterile 100 mm diameter long stem glass funnels stopped with glass wool using
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vacuum flasks (McManus et al. 2018). Once extracted, an aliquot of the PW was
analyzed for pH (Accumet Excel XL25, Fisher Scientific, Method 4500-H+), EC
(Accumet model 30 conductivity meter, Method 2510B), and free Cu2 by an ion-selective
electrode (Orion 96-29 Ionplus) (Rachou et al. 2007). Due to a failure of the ion-selective
electrode, the data were not reported for Trial 1 resulting in a n = 6 instead of a n = 9 for
free Cu. A sub-sample of the aliquot was used to determine total alkalinity by titration
(Method 2320B) as a measurement of bicarbonate. An additional aliquot was digested
with nitric acid to determine the total amount of Cu present in the PWs, including that
from suspended NPs. The sand after drying was digested for analyses of the Cu retained.
These last two analyses were needed to perform a mass balance of Cu in the system. A
mass balance of the systems resulted in a Cu recovery of 102% with a 95% confidence
interval of 5% with no significant differences among any of the treatments.
For removal of NPs, the remaining PWs were divided into two, with half being
filter-centrifuged by 3 kDa filters and half being centrifuged (Eppendorf centrifuge 8504,
Eppendorf rotor F45-30-11) twice for 15 minutes at 14000 rpm (20817 x g) (Hortin et al.
2019, McManus et al. 2018). Based on the Stokes-Einstein equation and confirmed by
dynamic light scattering (DLS) (DynaPro NanoStar, Wyatt Technology Corporation,
Santa Barbara, CA) (personal communication with Joshua Hortin 2020), the centrifuging
procedure removed CuO particles greater than 30 nm, while the 3 kDa filtration removed
all components greater than 2 nm (Guo and Santschi 2007). The 3 kDa filters were used
after triple rinsing with DW to remove organic carbon per the manufacturer’s
instructions.
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Though the 3 kDa filters were used for the removal of all NPs in solution, it also
removed various colloidal sized materials. Any particles greater than 2 nm in size and
materials that are greater than 3 kDa in mass were removed by the 3 kDa filters. The
conventual operational definition of dissolved is the solution after removal of particles
greater than 0.45 µm; this solution however would still contain nanoparticles and
colloidal material. In this study the < 3 kDa fraction was defined as the truly dissolved
fraction and the > 3 kDa as the colloidal fraction. The colloidal measurements were
calculated by subtracting the dissolved fraction from the total soluble (< 3 kDa subtracted
from soluble). The two size fractions of > 3 kDa and < 3 kDa were further defined to
represent SPE properties such as FA and HA and rhizosphere exudates, respectively.
Table A3 represents a summary of the range of sizes for HA and FA reported in the
literature. In general HA are reported to be > 3 kDA whereas FA are reported to be
between 1 and 11 kDa with FA derived from soil being on the upper end of this range.
The colloidal fraction (> 3 kDa) was expected to contain proteins and cellular material
originating from the roots and microbes, if present, and colloidal material, such as
organic material (HA and FA), originating from the SPEs. Microbes could be present
within > 3 kDa fraction, albeit to a limited degree, as the removal of CuO NPs by
centrifugation was calculated using the density of CuO; the density of microbes would be
different.
Copper and other major and trace elements were analyzed by ICPMS using both
size fractions. An aliquot of the centrifuged fraction was analyzed for LMWOAs and
common anions (Cl, sulfate, nitrate, nitrite, phosphate) (Dionex ICS-3000, Dionex
method 123), and total soluble OC and < 3 kDa DOC (combustion, Apollo 9000,
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Teledyne Tekmar, Method 5310B). DMA, AAs, and other metabolites of interest,
including phenolic organic acids and osmolytes, were analyzed using the 3 kDa fraction
to avoid contamination of the instruments with nano-Cu. The analysis was carried out
using liquid chromatography (Agilent 1290 LC) coupled with triple quad mass
spectrometer (Agilent 6490 QqQ-MS) (LC-QqQ-MS). Figure 3 represents a flow chart of
the various analyses completed.
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Fig. 3. Flow diagram of analyses completed on pore water (PWs) extracts. Purple boxes
represent methods developed by the UWRL.

The analysis of AAs and DMA plus the selected metabolites of interest required
two methods using the LC-QqQ-MS. The suite of 20 proteinogenic and a selection of
non-proteinogenic amino acids were measured with an Imtakt Intrada amino acid column
(50 x 3 mm) using Imtakt method TI794E (Le et al. 2018) with minor modification, while
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DMA, phenolic organic acids, and osmolytes were analyzed by a separate in-house
derived method based on Boiteau et al. (2018) using an Agilent Zorbax Eclipse Plus C18
column (50 x 2.1 mm). The amino acid method used a mobile phase of 100 mM
ammonium formate (A) and acetonitrile with 0.1% formic acid (B), with a program of
85% B from 0-3 minutes, 85-0% B over 3-10 minutes, and 0% B over 10-11 minutes, and
0-85% B over 11-12 minutes with 4 minutes post time. The flow rate was 0.6 mL/min,
the injection volume was 2 µL and the column temperature was 35 °C. Analyte
quantification was made against mass-labeled amino acid internal standards. The analysis
of DMA used a mobile phase of 20 mM ammonium formate with 0.1% formic acid (A)
and acetonitrile with 0.1% formic acid (B), with a program of 2% B from 0-0.5 minutes,
2-95% B over 0.5-7.5 minutes, and 95% B over 7.5-9 minutes, and 95-2% B over 9-10
minutes with 4 minutes post time. The flow rate was 0.2 mL/min except for a linear
increase to 0.3 mL/min from 7.5-9 minutes and linear decrease back to 0.2 mL/min from
9-10 minutes. The injection volume was 2 µL and the column temperature was 35 C.
Analyte quantification was made against mass-labeled amino acid internal standards.
Table 2 presents the level of PW refinement required for each measurement and a
summary of methods used. A complete list of measurements made by the methods listed
in Table 2 are included in the appendix (Appendix Table A4).
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Table 2. Summary of processing and method required for measurements of saturation
paste extracts and final pore waters for the testing of the hypotheses.
Analytes
Total organic carbon (OC)

Sample processing
Centrifuged PW
extract, 3 kDa
centrifuged PW
extract

Method
Standard method #5310B
(APHA 2017)
Standard methods #4500-H
(APHA 2017)
Standard methods #2510B
(APHA 2017)
Standard methods #2320
(APHA 2017)

pH

PW extract

Electrical conductance
(EC)

PW extract

Alkalinity

PW extract

Common anions/low
molecular weight organic
acids (LWMOAs)

Centrifuged PW
extract

Dionex method 123

Cations/trace elements

Centrifuged PW
extract, 3 kDa
centrifuged PW
extract

ICP-MS method #6020A (U.S.
EPA 1998)

Free Cu2+

PW extract

2’-deoxymugineic acid
(DMA)/ select metabolites

3 kDa centrifuged PW
extract

Amino acids (AAs)

3 kDa centrifuged PW
extract

Ion-selective electrode (Rachou
et al. 2007)
LC-QqQ-MS, Agilent Zorbax
Eclipse Plus C18 column
(Boiteau et al. 2018)
LC-QqQ-MS, Imakt amino acid
column, (Le et al. 2018)

Shoot and root length/
mass

Wheat root and shoots

Balance and ruler

Cu-complexes

Centrifuged PW
extract, 3 kDa
centrifuged PW
extract

LC-TOF-MS, adapted from
Boiteau et al. (2018)

To explore the extent of Cu and Fe complexation with various organic ligands
(DMA, LMWOAs, AAs, metabolites of interest, etc.) a modified method adapted from
Boiteau et al. (2018) was used. Metal complexes were identified using a time of flight
mass spectrometer (TOF-MS) (Agilent 6220 Acurate-Mass TOF-MS) coupled with a LC
(Agilent 1200) (LC-TOF-MS). Compounds were separated on a porous graphite column
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(ThermoFisher Hypercarb, 2.1 x 100 mm, 5 µm) with a linear gradient of 95% 5 mM
ammonium formate and 5% acetonitrile to 95% acetonitrile over 20 minutes, and a 10minute flush at 95% acetonitrile, running at 0.2 mL/min. The column temperature was 35
°C and the injection volume was 30 µL. Spectra were acquired in positive mode from 501600 m/z at a rate of 1 spectra/s with reference mass solution for continuous spectral
calibration. Natural isotope abundance ratio of 63/65Cu and 54/56Fe were used to identify
compounds complexed with Cu and Fe. An R data processing code algorithm was used to
identify Fe and Cu isotope patterns within the LC-TOF-MS data (Boiteau et al. 2018;
Boiteau and Repeta 2015).
All sensitive analytes (microbial exudates, LMWOAs, pH, alkalinity, EC, amino
acids, and siderophores) were determined within 48 hours of harvesting. Water samples
for ICPMS were preserved with nitric acid. DOC was preserved with phosphoric acid
allowing for a one month holding time.
6.2.6 Characterization of bacterial and fungal genera in the pore waters
Aliquots of 4 mL volume were collected from the harvested sand boxes were
combined with their respective replicates into a single pooled sample per box type. There
were three of these pooled samples per box type. Microbial DNA was isolated from the
pooled PW samples using Qiagen DNeasy PowerSoil Pro Kit by Dr. A. Kaundal’s lab at
USU. The Qiagen DNeasy Kit was used as stated by manufacturer’s instructions
(“DNeasy PowerSoil Pro Kit Handbook” 2021). Once isolated the presence of DNA was
confirmed using a Thermo Scientific Nanodrop 2000.
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For 16S rRNA gene sequencing, bacterial DNA was amplified using the regionspecific primers 515F (5'-GTGCCAGCMGCCGCGGTAA-3’) and 806R (5'GGACTACHVHHHTWTCTAAT-3’). The polymerase chain reaction (PCR) was
completed in triplicate per sample following the EMP 26S Illumina Amplicon Protocol
using Platinum Hot Start PCR Master Mix from ThermoFisher (Caporaso et al. 2018).
The reaction was performed following the manufacturer instructions for the PCR Master
Mix (“User Guide: InvitrogenTM PlatinumTM Hot Start PCR Master Mix (2X)” 2015).
The resulting PCR product was diluted by a factor of 50 for the second PCR. The second
PCR was accomplished using i5 index, i7 index, and the same master mix used in the first
PCR. The second PCR had the same steps as the first PCR.
Following the attachment of the indexes by the second PCR the samples were
cleaned in a 1:1 ratio with AMPure XP beads. The triplicates of the PCR were pooled
together and sequenced by the Center for Integrated BioSystems (CIB) at USU using the
Illumina MiSeq. The sequenced data were analyzed by Dr. Kaundal’s Lab using
Quantitative Insights Into Microbial Ecology (QIIME) (Bolyen et al. 2019). The sequenced
DNA were held to an 80% identification match to provide an overview of bacteria present
in the samples, without excluding partial matches due to the complexity of the samples.
Identification of fungal growth that occurred in some Mageta boxes was
attempted using the same method as the extraction and analysis of bacterial DNA, except
the two primers IS1 (ACACTCTTTCCCTACACGACGCTCTTCCGATCT) and IS2
(GTGACTGG AGTTCAGACGTGTGCTCTTCCGATCT) were used to amplify the
fungal DNA. The SPEs were also plated on potato dextrose agar (PDA) for observation
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of native fungal growth. Visual identification of the fungus on these PDA plates was
completed with assistance of Dr. Claudia Nischwitz’s lab at USU.

6.3 Data Handling
6.3.1 QA/ QC
All chemicals used were reagent grade or better. Trace metal grade nitric acid was
used for sample preservation and digestions and Optima grade solvents will be used for
LC-QqQ-MS. All instruments used were appropriately calibrated before use. All
measurements were made with EPA specified quality control, including spike duplicates,
blanks, and calibration verification samples. Spikes were held within ± 25% of intended
value and spike duplicates were to be within ± 20% of each other. If issues with the
CCVs occurred with the standards, the standards were remade, and the instrument
recalibrated. If the percent recovery of the spikes was poor, the samples were investigated
for matrix interferences. For poor spike duplicates the instrument was checked for
calibration and samples would be remixed, spiked, and run again. If the blanks returned
positive the instrument and the blanks were checked for contamination. Due to the
limited amount of supernatant produced by double centrifuging and centrifuging with 3
kDa filters, three samples at random during the harvest were selected, one from each soil
type, and filtered and centrifuged in triplicate to produce three identical samples for
spiking. To minimize sample error, sample IDs were implemented for use. The coding
system consisted of the SPW type, the CuO NPs dosing, if the SPW was sterile (s) or had
the native microbial communities (n), which experimental unit, and which triplicate it
was within said experimental unit, i.e., the third box of the first experimental unit with
ArgM SPW, a dose of 30 mg Cu/kg and native bacteria would be A.30.n.1.3.
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6.3.2 Geochemical modeling
The geochemical model Visual MINTEQ Ver. 3.1 (Gustafsson 2013) was used
following completion of analyses to determine probable chemical complexes at
harvesting. FA and HA were modeled using the NICA-Donnan FA/HA model; an
included and integrated model within of Visual MINTEQ Ver. 3.1. Additional stability
constants of the geochemical database, expanded upon previously by McManus et al.
(2018), was added with constants and compounds shown in Table A5. The composition
of the collected PWs were used as the solution phase for model input. This modeled
solution phase was used to predict possible ligand complexes within the PWs. The model
provided insight into prominent Cu complexes within the PW systems and how
complexation was affected by treatment.
Additionally, the chemical model was used to calculate the potential dissolution
of the CuO NPs for comparison with observed measurements This was accomplished by
adding tenorite (CuO) to the model input and allowing the model to predict the
dissolution of the CuO in the presence of the measured ligands. Crystalline tenorite was
used within the model as XRD of Sigma-Aldrich CuO NPs had shown tenorite to be the
primary compound of the NPs (Jacobson et al. 2018). The log k value for crystalline
tenorite is for the bulk mineral and may not be suitable to describe NPs dissolution.
However, NPs > 20 nm in size behave similar to bulk material (Leitner et al. 2019) and
with increasing size there were no differences between nanomaterials and bulk material
(David et al. 2012); as the CuO NPs used were ~50nm in diameter the use of crystalline
tenorite to model the behavior of the NPs was sufficient.
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6.3.3 Statistical methods and data management
All statistical analyses were performed using JMP (SAS Institute, Ver. 8.02).
Exploratory statistics, including principal component analysis and cluster analysis, were
used to observe patterns of relationships pore water chemistries, including exudates. Data
were also evaluated using ANOVAs and, when significant, Tukey’s honest significant
difference test (Tukey HSD). The data were analyzed using ANOVA methods that
account for nesting of bacteria within soil. The analysis of the impact of microbial
bioactivity was nested within each soil due to the unique microbial system present in each
soil. Since the experiments were blocked on time, ANOVAs accounted for the blocking.
Three-way ANOVAs based on the soil pore extracts, CuO NPs dose, and microbial
presence nested within SPEs were used to analyze relevant exudates, as determined by
geochemical modeling, Cu in solution and DOC for both defined size fractions, and
wheat characteristics. Other system characteristics, including the wheat mass and Cu
concentration in plant tissue, were run with a three-way ANOVA. When necessary, to
stabilize variance and/ or normalize the data, transformations of the data were performed,
as determined by Box-Cox (Box and Cox 1964). Date were transformed, when needed,
with the majority of the Box-Cox transformations having a λ of 0.2 or 0.6. An example of
the improvement caused by the Box-Cox transformation on the residuals, independence,
and normalcy (Appendix Fig. A3-A6) and changes with the ANOVA output (Appendix
Table A6 and A7) for DMA are contained in the Appendix.
All instrument generated raw data was stored in the software associated with the
instrument. All data were then proofed by the instrument operator with all QC passing,
and no strange results were found, the data were downloaded and uploaded directly into
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spreadsheets, where Excel was used for calculations. EC, pH, Cu2+, weights, lengths,
alkalinity, were inputted manually. All data were plotted to identify irregularities and
when found, an investigation of the original data file, instrument operation, and QC was
undertaken. Outliers were identified and censored by use of the robust outlier test for
each measurement within each of the three soil types. Data that were censored from
method detection limit were imputed using a log-normal distribution of valid data and
assigned a value randomly based on the extrapolation of the log-normal distribution
(Cohen 1959).

7. Results and Discussion
7.1 Plant and soil microbes impacted wheat rhizosphere OC
The concentration of soluble OC in the saturation paste extracts (SPEs) differed
across the three test soils (Fig. 4). The compost treated OrgM had the highest
concentration of OC and the forest meadow TWDEF soil had the lowest reported value.
After plant growth the OC increased in the pore waters in all systems, with the exception
of OrgM in the presence of microbes. Since this soil had the highest concentration of OC
in the SPE changes due to plant and microbial activity was not discernable. The increase
in OC in these planted systems shows biologically active systems under the influence of
plant and microbial processes (Fig. 4). The presence of microbes decreased the
concentration of OC compared to the plant-only systems. Unexpectedly, the
concentrations of OC in both the PW and mPW systems were not affected by soil type.
The increase of soluble OC to the same levels in the PWs provided support that the wheat
had released exudates of a certain amount regardless of soil type in an effort to
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manipulate the environment. The inclusion of microbes utilized these exudates at a
constant amount leading to a consistent rhizosphere condition for soluble OC of around
100 mg C/L (Fig. 4).
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Fig. 4. Amount of soluble organic carbon (OC) as mg of C/L from soil extracts and
rhizosphere solutions. SPE represents initial saturation paste extract, mPW represents
pore water extracted from systems with native microbes, and PW represents pore water
extracted form systems with filter sterilized SPE. Two-way ANOVA with differing
letters above columns represents a significant difference based on Tukey HSD (p<0.05).
Error bars represent 95% confidence interval.

The quantified constituents of the OC in the pore waters after wheat harvesting
(proteinogenic AAs, non-proteinogenic AAs, LMWOAs, other C exudates, and FA and
HA from the SPEs) made up 16% and 24% of the OC in the PW and mPW, respectively.
McManus et al. (2018) within a wheat system similar to this study, though lacking SPEs
and microbes, reported that 15% of the OC in the system was AAs, DMA, and
LMWOAs, 70% was carbohydrates, and 15% was proteins. The unknown fraction in this
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study was presumably comprised of carbohydrates and proteins. Simple carbohydrates
played a minor, if not negligible, role in the dissolution of CuO NPs (Wang et al. 2013),
while larger, complex carbohydrates are capable of binding readily with Cu (Schilling
and Cooper 2004). Proteins may coat CuO NPs, altering their dissolution (Miao et al.
2015a). The quantified fraction of OC describes the active organic components that serve
as ligands that complex Cu increasing solubility. The majority of the CuO NPs
dissolution was ascribed to ligand formation with AA and LMWOAs in artificial root
exudates (Peng et al. 2019), extracted root exudates (Shang et al. 2019), and within active
wheat growth systems (Hortin et al. 2020; McManus et al. 2018) As with this study,
Hortin et al. (2020) grew wheat with the addition of SPEs and reported the importance of
FA, in addition to AAs and LMWOAs, on the dissolution of CuO NPs.

7.2 Soil type, the presence of microbes, and CuO NP dosing produced rhizosphere
solutions with different chemical profiles
The principal component analysis (PCA) (Fig. 5) was used to profile differences
in rhizosphere solution chemistry as affected by test conditions. A PCA generates linear
combinations of the measured variable. The first two components (PCs) of the PCA
accounted for 73.8% (PC 1: 42.2%, PC 2: 31.6%) of the variance. The PCA score plot
(Fig. 5), a plot of the rhizosphere chemistry profiles based on the computed PC 1 and PC
2, shows clear separation of soil type. Concurrently, there was a clear separation of the
PWs from the mPWs providing insight that regardless of soil type the presence of
microbes had a significant impact. It was noteworthy that some PW separated from the
PW grouping and approached the mPW grouping. The presence of endophytes within the
seed may impact these otherwise non-inoculated systems but on a smaller scale compared
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to soil derived microbes. The impact of soil type and microbe presence overrode impacts
caused by the NPs doses.
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Bicarbonate (mg
CaCO3/L)
Colloidal OC (mg
C/L)
FA (mg C/L)

40.8 ±
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Fig. 5. Principal component analysis (PCA). PCA score plot (left) and PCA loading plot
(right). Blue represents systems with TWDEF saturation paste extract (SPEs), red for
AgrM SPEs, and green for OrgM SPEs. Triangles represent PWs, while circles represent
mPWs. Filled in shapes represent CuO NP doses of 100 mg Cu/kg, hollow shapes
represent CuO NP doses of 30 mg Cu/ kg of sand. Table (bottom) contains average
values of the categories in the PCA loading plot by SPE type and microbial presence ±
95% confidence interval.
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The variables that correlated the most with PC 1 primarily represents soil-derived
characteristics of pH (0.40), FA (0.40), and HA (0.40). FA and HA were directly
associated with the soil used to generate the SPEs and were presumed to minimally, if at
all, be impacted by plant/microbial processes within the 10 days of growth. The
association of pH to PC 1 likely stems from pH originally being determined by the SPEs
(Table 1), and though lowered due to respiration by the wheat or wheat and microbes to
pH closer to pH 7 for the AgrM and OrgM SPEs and 6.5 for TWDEF (Fig. 4), the pH was
dictated by the SPE type. Bicarbonate (0.28) and colloidal, larger than 3 kDa in size, OC
(0.23), were both soil dependent, yet also impacted by the wheat with bicarbonate
concentration being altered by plant/microbial activity and colloidal OC being impacted
by root sloughing, cellular material, in addition to other large organics like sugars and
proteins, were included with PC 1. LMWOAs (0.35) and non-proteinogenic AAs (0.34)
were also associated with PC 1 due to exudation of certain LMWOAs, such as citrate,
and non-proteinogenic AAs, such as DMA, being a response from the wheat and/or the
bacteria in an attempted to control their environment within a soil type. The specific
composition and concentrations of the exudates are discussed in Section 7.6.
The variables that best correlated with PC 2 primarily represented root exudates
being made up of proteinogenic AAs (0.44), other C exudates (0.44), and dissolved OC
(0.42). These components were directly associated with exudation. LMWOAs (0.18) and
non-proteinogenic AA (0.22), though primarily exudates, were not strongly associated
with PC 2. It was noteworthy that though LMWOAs and non-proteinogenic AA were
more associated with PC 1, they were positionally closer to the root exudation group in
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the PCA loading plot. PC 3 accounted for 9.4 % of the variance with colloidal OC being
the only variable that contributed to the component (0.83).

7.3 Characterizing dissolved and colloidal OC
The colloidal OC fraction aligned with SPE components, while the dissolved OC
aligned with the rhizosphere exudates (Fig. 5). The colloidal OC fraction was presumed
to be primarily made up of organic matter from the SPEs (FA and HA) (Hortin et al.
2020) and cellular material, including proteins, from the various organisms present in the
rhizosphere. HA are typically larger than 3 kDa (colloidal) in size while FA vary in size
from less than (dissolved) and greater (colloidal) than 3 kDa (Appendix Table A3).
The dissolved OC was influenced by the presence of microbes (Fig. 6A), while
the colloidal OC was only influenced by the initial SPE properties (Fig. 6B). The lack of
significance of the SPEs type on the dissolved OC supported the notion that any
dissolved OC contributions from the SPEs were negligible compared to the exudates of
the rhizosphere even in the presence of microbes. The utilization of exudates of plants by
microbes was known (Boiteau et al. 2021; Hortin et al. 2019) with some exudates being
released for the purpose of supporting microbial communities in mutualistic, albeit
competitive, relationship (Baetz and Martinoia 2014; Vives-Peris et al. 2020). The lack of
difference amongst the soluble OC within the mPW regardless of the SPE type implies
that the rhizosphere reached a sustainable level of OC homeostasis for microbial growth
and wheat nutrient acquisition. It is possible that some of the exudates released by the
wheat within the mPW systems were not utilized, but simply released at a lower amount
in response to the presence of the microbes.
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In contrast to the dissolved fraction, the colloidal fraction was impacted by SPE
type (Fig. 6B) and not the presence of microbes, with the OrgM having a greater amount
than the AgrM systems, which was greater than the TWDEF systems. This trend of the
colloidal OC coincided with the initial amounts of soluble OC as FA and HA within the
SPEs (Table 1) supporting that colloidal fraction was associated with the SPE and
cellular material, more than the wheat exudates. The colloidal OC was impacted by the
soil type , following a trend of the HA and FA associated with each SPE, and CuO NPs
dose which is known to impact root growth.
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Fig. 6. Amount of dissolved organic carbon (OC) (A) for pore water (PW) and microbial
pore water (mPW) and colloidal OC (B) for SPE. Two-way ANOVA significance for
dissolved OC; one-way ANOVA significance for colloidal OC. Differing letters above
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Error bars represent 95% confidence interval.
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significance for both size fractions of OC. Differing letters above columns represents a
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CuO NPs dose had an impact on the amount of dissolved OC with the higher dose
causing an increase of dissolved OC (Fig. 7A), while the opposite was true for the
colloidal OC. An increase of dissolved OC with increasing CuO NP doses had been
found previously (McManus et al. 2018) and was expected to be a response to Cu stress.
However, the decrease of colloidal OC with increasing dose was presumed to be from a
decrease of cellular sloughing due to a decrease in root growth (Bengough and McKenzie
1997; Hortin et al. 2020; McManus et al. 2018). Of the three factors influencing
dissolved OC, the impact of soil type and CuO NP dose were minor compared to the
reduction of dissolved OC within the mPWs due to the presence of microbes. The
presence of microbes, due to metabolism of organic carbon produced by the plant,
overrides other test variables. Planted systems under natural conditions would establish

58
an active microbiome minimizing the influence of soil components and dosing of NPs.
The influence the type of bacteria present in the rhizosphere will be discussed in Section
7.6.2.

7.4 Cu Solubility Altered by Rhizosphere Chemistry
Since the two doses of NPs would inherently result in different concentrations of
Cu in solution, the dosing was considered separately. For both doses of CuO NPs there
was no impact on the soluble Cu based on the soils used to generate the SPE (Fig. 8A,B).
The lack of SPE impact on the dissolved Cu corresponds with the lack of SPE impact on
the dissolved OC measured within the PWs (Fig. 6A). This similar response between
dissolved OC and dissolved Cu is expected given that this size fraction of OC was the
primary composed of exudates released by the wheat and bacteria (Fig. 5) and that these
exudates as ligands were contributing to the dissolution of the CuO NPs. The rhizosphere
exudates were capable of subduing the inherent SPE properties, regardless of the initial
soil characterization.
Hortin et al. (2020) reported the solubility of CuO NPs dosed at 100 mg Cu/kg
sand in 3.34 mM Ca(NO3)2 without wheat growth as 266 µg Cu/L. In the presence of tenday old wheat plants grown in 100 mg Cu/kg as CuO NPs, the solubility to be over 4000
µg/L, similar to as observed here (Fig. 7B). The rhizosphere chemistry was controlling
CuO solubility as observed by Hortin et al. (2019, 2020) and McManus et al. (2018) in
active wheat growth and Gao et al. (2018, 2019), Peng et al. (2019), and Shang et al.
(2019) in static systems.
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There was an influence of SPE type on the colloidal Cu, for both CuO NPs doses.
Cu associated with colloidal sized material was lower in the TWDEF SPE than the other
two SPEs at the 30 mg Cu/kg dosing and lower than the OrgM SPE at the 100 mg Cu/kg
dosing (Fig. 8). The lack of difference for colloidal Cu between the TWDEF and AgrM
100 dose systems may result from changes in the production of colloidal sized organic
material by the wheat under increased CuO stress. This colloidal Cu is presumably
associated with colloidal sized organics as most CuO NPs and Cu aggregates would have
been removed by centrifugation and the colloidal associated Cu is influenced by initial
soil characteristics with OrgM having the highest and TWDEF the lowest FA and HA
content. HA is a Cu ligand (Hsu and Lo 2000) capable of promoting CuO dissolution
(Gao et al. 2019; Liu et al. 2020) and would increase the dissolution of the CuO NPs, but
was in a comparatively smaller concentration compared to FA within the SPEs (Table 1).
Similar to HA, FA promotes CuO dissolution (Hortin et al. 2020; Liu et al. 2020).
However, the variable and unknown size of the FA within the SPEs limits conclusions
that can be drawn between FA and colloidal Cu.
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There was no difference in the concentration of dissolved Cu across SPE types
within each microbial status for both CuO NPs doses (Fig. 9A, B) as observed with
dissolved OC (Fig. 6A). The dissolved OC contained various ligands, primarily
originating from the rhizosphere as exudates, that controlled the solubility of the CuO
NPs resulting in a consistent dissolution of the NPs across SPE types. SPE contributions
to the colloidal Cu concentration was not apparent in the PW at the 30 mg Cu/kg dose
and mPW at the 100 mg Cu/kg dose even though colloidal OC differed across the initial
SPEs (Fig. 6B). Colloidal Cu did differ with the systems treated with TWDEF SPEs,
being lower than OrgM in the mPWs at the 30 mg Cu/kg dose and lower than both other
SPEs in the PW samples at 100 mg Cu/kg dose. The lower colloidal Cu concentration in
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TWDEF reflects the lower colloidal OC (Fig. 6B) and corresponding lower
concentrations of HA and FA in the original SPE.
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Within the 30 mg Cu/kg dose systems the presence of microbes decreased
dissolved Cu in the ArgM and OrgM treatments but not with TWDEF. In the 100 mg
Cu/kg dose system only ArgM treatments showed a decrease in dissolved Cu. Dissolve
OC was reduced from 250-300 mg C/L (Fig. 6A) to 50-75 mg C/L; but there was still
adequate dissolved OC in some of the microbial systems to drive dissolution of Cu to a
value equivalent to the non-inoculated treatments.
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The presence of microbes in the 30 mg Cu/kg dose systems decreased the
concentration of Cu associated with colloidal OC in the TWDEF and ArgM systems, but
had no effect on colloidal Cu in the OrgM (Fig. 9A). In the 100 mg Cu/kg dose only
AgrM system had a decrease in Cu associated with the colloidal size fraction (Fig. 9B).
The colloidal OC, as previously stated, corresponds with the HA and FA present in the
SPEs, and would contain various organic material and compounds related to cellular
growth, but was not affected by the presence of microbes (Fig. 6B). Therefore, there is no
clear explanation for why the Cu associated with the colloidal fraction would decrease in
the presence of microbes for TWDEF systems at the 30 mg Cu/kg dose and AgrM at both
CuO NPs doses when the colloidal OC was unaffected. A decrease in pH would decrease
the number of sites on the colloidal OC for Cu binding, the pH of these systems was
unaltered by the presence of microbes. The pH of the pore waters is expanded upon later
in this section. Homoconjugation of the colloidal OC would also decrease sites for Cu
complexation and has been observed to decrease complexation of Cu2+ (Zhao et al. 2018)
and the solubility of CuO NPs (Hortin et al. 2020).
The lack of change of the colloidal OC in the presence of microbes did not
represent changes for the colloidal Cu. The manipulation of the rhizosphere by the wheat
for the PW and by the wheat and microbes for the mPW controlled the amount of Cu in
solution. In support of this notion, the dissolved OC increased with increasing CuO NPs
dose (Fig. 7A) in response to the increased amount of Cu.
The free dissolved Cu ions (Cu2+) comprised less than 1% of the dissolved Cu in
solution (Fig. 9, 10) similar to the findings of McManus et al. (2018) and Hortin et al.
(2020). Free Cu, typically the most active form of Cu and is used as a means of
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estimating Cu toxicity (now integrated into the biotic ligand model (BLM)), is a minor
fraction of the total Cu in nearly all soils systems (Oorts 2013). Cu was readily
complexed by ligands associated with SPE components and/or root-microbial exudates.
In general, TWDEF had higher free Cu concentrations compared to the other SPEs at
both doses and microbial status. The presence of microbes increased the amount of free
Cu since there were few ligands available to complex the Cu. TWDEF at the 30 mg
Cu/kg dose was the exception to this observation where there is no effect of microbes on
the concentration of free Cu.
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The low pH (Fig. 11) in addition to the lower amount of initial SPE OC would
allow for a greater presence of free Cu within the TWDEF systems (Fig. 10). The levels
of free Cu are inverse to the pH values in the systems with a correlation coefficient
between pH and free Cu of -0.549. Though the pH of the systems did explain the amount
of free Cu in the PWs and mPWs it did not explain the total amount of Cu within the
systems, for TWDEF had the lowest pH and the lowest total Cu (Fig. 9). Solubility is
dependent on pH, with higher dissolution at lower pH values, but the presence of OC
enhances solubility even at high pH (Baham and Sposito 1994) due to complexation of
Cu with soluble OC. Gao et al. (2018) reported that the rhizosphere of wheat roots was
especially susceptible to pH, although they observed increased pH in the rhizosphere soil
from pH 5.5 to 6.5. In this case the dissolution of CuO NPs was driven by complexation
with root exudates as opposed to pH. For Type II plants, such as wheat, pH, though
influential, is not the primary means of nutrient acquisition, but instead exudate organic
acids (Iannucci et al. 2021); the phytosiderophore DMA is the exudate released for Fe
acquisition (Wang et al. 2019b).
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7.5 Plant Performance
The presence of Cu, originating from the CuO NPs, within the PWs and mPWs
(Fig. 9) and the need for Cu for wheat growth led to the accumulation of Cu associated
with the wheat roots (Fig. 12). The Cu in solution would have been taken up, to an extent,
due to the inherent mechanisms for Cu regulation (Printz et al. 2016) within wheat roots.
Despite efforts to remove sand and the NPs that adhered to the root surface, the
concentration of Cu reported in Fig. 12, was associated with the root without distinction
of what was translocated into the root and what was attached to the surface.
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Though the microbes decreased the amount of dissolved OC (Fig. 6A) and Cu in
solution for the 30 mg Cu/kg dose (Fig. 9), the amount of Cu associated with the roots
was not impacted by the presence of microbes regardless of CuO NPs dose (Fig. 12).
This lack of change for root associated Cu deviated from the reported decrease of Cu
associated with wheat roots grown with the bacteria PcO6 (Hortin et al. 2019). The lack
of influence of presence of microbes in root associated Cu across the 30 mg Cu/kg dose
(Fig. 12A) contrasts with microbial changes in solution Cu for the 30 mg Cu/kg dose
systems (Fig. 9A) which had a decrease of colloidal Cu for TWDEF and AgrM and a
decrease of dissolved Cu for AgrM and OrgM. Similarly, the increased amount of root
associated Cu for TWDEF systems with 30 mg Cu/kg (Fig. 12A) may be due to the
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amount of free Cu in the TWDEF systems compared to the other SPEs (Fig. 10), however
for the other SPEs and TWDEF systems with 100 mg Cu/kg there is a lack of
correspondence between free Cu or total Cu in solution and root associated Cu. Possible
explanations for this deviation between root associated Cu and solution phase Cu was
that as the wheat roots reached a controlled and survivable amount of Cu associated with
the roots regardless of PW or mPW conditions and that the impact of free Cu, if present,
was insignificant in comparison to the other Cu forms in solution.
The SPE type was influential for the 30 mg Cu/kg dose systems with TWDEF
under both microbial conditions having greater amounts of Cu associated with the roots
than the other two SPE types. There was a lack of difference between Cu in solution for
TWDEF and the other SPEs, within microbial condition (Fig. 9), yet there was greater
amount of Cu associated with the roots for TWDEF. The greater Cu association with the
roots in the TWDEF systems may be due to the lower pH and different rhizosphere
composition, allowing for greater bioavailability of the Cu, as the behavior of Cu
complexes are dependent on the Cu complexing ligand (Hortin et al. 2019; McLean et al.
2013; McManus et al. 2018; Pabst et al. 2010). There were no differences within the 100
mg Cu/kg dose systems, with the exception in the presence of microbes, the OrgM
resulted in higher root concentrations of Cu than TWDEF. The soluble Cu (Fig. 9B) for
the 100 mg Cu/kg dose was not affected by microbial activity which corresponds with no
treatment effects observed for root associated Cu. The exception is AgrM 100 mg Cu/kg
dose as a decrease of Cu in solution in the presence of microbes was observed. Similar to
the 30 mg Cu/kg systems, the 100 mg Cu/kg systems though having increased Cu in
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solution (Fig. 9B) was able to control the amount of Cu associated with the roots (Fig.
12B).
The uptake and regulation of Cu by the roots controls the amount of Cu
transferred to the wheat shoots. The CuO NPs dose, the microbial presence, or the SPE
type had no impact on the amount of Cu within the shoots (Fig. 13) averaging 31 µg/g ±
2.0 for the 30 mg Cu/kg dose and 40 µg/g ± 4.5 for the 100 dose. Davis and Beckett
(1978) and Fageria (2001) reported that the threshold level of Cu in wheat shoot tissue
was ~18 µg/ Cu g dry weight to provide adequate nutrition without decrease in yield.
McManus et al. (2018), with a similar experimental design as used here, measured 20 to
50 µg Cu/g in shoots without detrimental effects on shoot length or dry weight yield. The
concentration of Cu in the shoots was 20 to 50 times lower than observed in the roots
(Fig. 12, 13). The wheat root mechanisms regulating the translocation of Cu were
sufficient within this experimental design and corresponds to the findings of McManus et
al. (2018) and of Gao et al. (2018). The root associated Cu concentration varied with
treatment (Fig. 12), yet the concentration in the shoots were not affected by treatment.
The exception to this observation was for shoot Cu in the OrgM mPW with 100 mg
Cu/kg dose was higher than the other treatments.
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Fig. 13. Cu associated with wheat shoots per root mass by microbial presence nested
within saturation paste extract (SPE) type for each CuO NPs dose. The 30 mg Cu/kg dose
(A) and 100 mg Cu/kg dose (B). Two-way ANOVA significance for both CuO NPs
doses. Differing letters above columns represents a significant difference based on Tukey
HSD (p<0.05). Error bars represent 95% confidence interval.

There was no difference in % root mass from the presence of microbes, but soil
type was significant (Fig. 14). An increase of CuO NP dose resulted in a decrease of %
root mass for TWDEF and for AgrM. CuO NPs were known and expected to cause a
decrease of root mass at the 100 mg Cu/ kg dose (McManus et al. 2018) due the toxicity
of the Cu. The lack of dose impact for the growth of the OrgM roots implied that the
wheat was not impacted by the higher CuO NPs dose or, minimally, did not have to
change the pattern of growth at the higher dose. However, the use of just % root mass did
not provide an understanding of the morphology of root growth. The TWDEF systems
had the shortest root length (Appendix Fig. A7), yet also had the highest % mass for the
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30 mg Cu/ kg dose system. The linear root density was calculated based on the root mass
and root length (Fig. 15) to account for lateral changes of root growth due to CuO NPs.
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Fig. 14. Percent root mass (% root mass/total plant mass) saturation paste extract (SPE)
type for each CuO NPs dose. Two-way ANOVA significance for both CuO NPs doses.
Two-way ANOVA significance. Differing letters above columns represents a significant
difference based on Tukey HSD (p<0.05). Error bars represent 95% confidence interval.
No statistical difference between pore waters without microbes (PW) and with microbes
(mPW).
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Fig. 15. Linear root density by saturation paste extract (SPE) type for each CuO NPs
dose. Two-way ANOVA significance. Differing letters above columns represents a
significant difference based on Tukey HSD (p<0.05). Error bars represent 95%
confidence interval. No statistical difference between pore waters without microbes (PW)
and with microbes (mPW).

There was no difference of linear root growth from the presence of microbes,
similar to the lack of change for % root mass. However, unlike the % root mass, the
linear density of the roots was unchanged with dosing (Fig. 15). Though the 100 TWDEF
and OrgM systems had the same amount of % root mass (Fig. 13) the 100 TWDEF had a
linear root density greater than the OrgM system (Fig. 15). This difference could have
originated from the wheat limiting linear growth of the roots and the proliferation of root
hairs due to Cu stress (Adams et al. 2017; Rizvi and Khan 2017; Sheldon and Menzies
2005; Zhang et al. 2018). The density of the roots did not correspond to the levels of Cu
associated with the roots (Fig. 12), but the TWDEF systems had higher levels of free Cu
(Fig. 10) resulting in increased oxidative stress to the wheat (Wang et al. 2020; Yang et
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al. 2020). The lack of change in root growth with the presence of microbes provides
evidence that the wheat roots did not change to accommodate the microbes (Fig. 13, 14).
This lack of change with root growth when grown in a microbial community contradicts
previous findings involving PcO6. Hortin et al. (2019) reported that PcO6 caused root
shortening, while Wright et al. (2016) reported that PcO6 resulted in improved root
health.
The importance of the root for the wellbeing of the wheat plant as a whole
impacted the growth of the shoots. Wheat shoot growth (Fig. 16) would be affected by a
lack of nutrients within the SPE (Appendix Table A1,A2). There was no difference for
shoot mass between CuO NPs dose or from the presence or absence of microbes; the only
factor of importance was the SPE type (Fig. 16). AgrM systems produced the highest
shoot mass followed by OrgM than TWDEF. Though the TWDEF systems had put
greater energy toward the linear density of the roots, the root mass was not different from
the other SPEs and would not explain the low shoot mass (Appendix Fig. A8). The lower
shoot mass for the TWDEF systems could originate from the system having the poorest
nutritional content of the SPEs (Appendix Table A2) in addition to having a lower pH
and low organic matter (Fig. 4). The AgrM systems having greater shoot mass than the
OrgM systems. AgrM SPE had a greater amount of total N, nitrate-N and phosphate in
solution (Appendix Table A2), which could explain the increased growth of the wheat.
The growth of the wheat shoots was independent of the Cu levels in the shoots. This
supports that the wheat were capable of regulating Cu, yet was ultimately limited by the
SPE.
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Fig. 16. Shoot mass by saturation paste extract (SPE). One-way ANOVA significance for
both CuO NPs doses. Differing letters above columns represents a significant difference
based on Tukey HSD (p<0.05). Error bars represent 95% confidence interval. No
statistical difference between PW and mPW or 30 and 100 mg Cu/kg dose.

7.6 Rhizosphere Composition and Cu Complexation
The exudation of organics by the rhizosphere increased dissolved OC within the
PWs and mPWs in comparison to the initial OC in the SPEs (Fig. 5). Furthermore, the
dissolved OC fraction, made primarily of exudates, was equal across all three soil types
for each microbial condition (Fig. 6A). However, the composition of this DOC varies
across SPE type and microbial presence (Fig. 17).
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Fig. 17. Volcano plot of significant organic compounds detected in both saturation paste extract (SPE) and pore waters with microbes
(mPW) and without microbes (PW). y-axis represents -log(P) value between the SPE and PWs. x-axis represents log2(PW/SPE).
Triangles represent plant only PWs and circles represent mPWs. Blue denotes systems with TWDEF SPEs, red with AgrM SPEs, and
green with OrgM SPEs. 30 and 100 mg Cu/ kg CuO NPs dose systems were pooled for display purposes. Significant organic
compounds had a p-value less than 0.05 and had PW/SPE ratio greater than 2.
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All AA and most of the LMWOAs, with the exception of acetate in TWDEF and
acetate, propionate, and formate in OrgM increased in concentration with wheat growth
compared to the added soil extracts regardless of SPE type and microbial presence (Fig.
17). The increase of DMA was expected given the use of DMA by wheat for Fe, Cu, and
potentially other metal chelation and acquisition (Puschenreiter et al. 2017). Citrate,
malate, and glutamic acid, barring their metabolic uses, are root exudates capable of
altering pH and chelating metals (Puschenreiter et al. 2017; Zhao et al. 2016). These uses
explained why DMA, citrate, malate, and glutamic acid had increased in the presence of
wheat. The remaining LMWOAs, proteinogenic AAs, and non-proteinogenic AAs are
associated with various metabolic cycles, protein formation, general pH manipulation
(Clemens 2019; Hinsinger et al. 2003), and possibly as a means of promoting growth
within the rhizosphere. Propionate, formate, and acetate are released by wheat and are byproducts of fermentation, though formate and acetate may originate from root exudates.
The resulting decrease of these organics likely originates from being in high
concentration within the original SPEs due to the breakdown of organic matter within the
soil, notably the organic compost for OrgM and meadow cover for TWDEF. The
exudation by the rhizosphere would provide various organic compounds to be utilized
switching metabolic pathways from fermentation to consumption.
LMWOAs, AAs, and DMA, released by the rhizosphere are capable of Cu
chelation within the rhizosphere (Clemens 2019; Jones 1998; Puschenreiter et al. 2017).
The SPE associated FA and HA can manipulate metals, but due to the size and origin
dependent characteristics, HA and FA are highly variable in behavior. FA (Hortin et al.
2020) and HA (Liu et al. 2020) promote (Hortin et al. 2020; Liu et al. 2020) CuO
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dissolution; other studies indicate that coating of NPs with HA or FA decreases solubility
(Liu et al. 2020; Sousa and Teixeira 2013) by means of reducing surface area and
electrostatic repulsion (Miao et al. 2015b; Zhao et al. 2013). The PWs and mPWs
contained multiple Cu chelators within a complex solution variable in both amount and
chelation stability constants. However, the total soluble Cu (dissolved and colloidal) was
the same across the SPE types within the same dose and microbial condition (Table 3).
The Geochemical model Visual MINTEQ (ver. 3.1) was used to predict the speciation of
Cu complexes for the mPWs and PWs of each SPE type for both doses. The modeling
results are displayed by TWDEF (Fig. 18), AgrM (Fig. 19), and OrgM (Fig. 20) for the
CuO NPs 30 mg Cu/kg dose and TWDEF (Fig. 21), AgrM (Fig. 22), and OrgM (Fig. 23)
for the 100 mg Cu/kg dose of CuO NPs, while maintaining a grouping of PWs and mPWs
due to the overriding, in comparison to dose and SPE type, impact of microbes on the
soluble OC.

Table 3. Total soluble Cu within the pore waters (PWs) and microbial pore waters
(mPWs) separated by CuO NPs dose. Averages ± 95% confidence interval. Differing
capital letters within dose represents significant difference by represent significant
difference by Tukey HSD (p<0.05).

Dose 30
TWDEF
AgrM
OrgM
Dose 100
TWDEF
AgrM
OrgM

Total soluble Cu (µg/L)
PW
mPW
2500 ± 710 AB
1340 ± 350 C
3180 ± 470 A
1540 ± 290 C
3170 ± 470 A
1850 ± 510 BC
PW
mPW
4030 ± 680 AB
4080 ± 1800 AB
4950 ± 720 A
2560 ± 790 B
4900 ± 620 A
3850 ± 1100 AB
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Within the PW for TWDEF 30 mg Cu/ kg a majority of the Cu was associated
with malate and citrate with free Cu and various AA being important, albeit individually
to a lesser degree. The presence of soil microbes decreased the concentrations of malate,
AAs, and DMA (Fig. 18) resulting in a modeled redistribution of Cu to SPE based
components of FA and carbonate. With the consumption of malate, citrate plays a larger
role in complexation. Oxalate increased in the presence of microbes and now contributed
to Cu complexation. There was a significant decrease of the amount of Cu in solution for
TWDEF 30 mg Cu/ kg when comparing PW to the mPW, primarily from the general
decrease of overall OC (Table 3) and specific ligands in solution (Fig. 18).
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Fig. 18. The Cu ligands complexation (top) and associated ligand concentration (bottom)
for TWDEF 30 mg Cu/ kg pore water (PW) (left) and microbial pore water (mPW)
(right). Differing letters above columns represents a significant difference based on
Tukey (p<0.05). Lack of corresponding Tukey letter represents significance.
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For the AgrM and OrgM 30 mg Cu/ kg PW system there was greater
complexation of Cu DMA and FA than observed for TWDEF. DMA, which was higher
in the AgrM and OrgM system than the TWDEF mg Cu/ kg 30, had a greater Cu
association in the PW but decreased in the presence of microbes. ArgM and OrgM SPEs
originate from agricultural soils used for wheat production and organic farming. In these
SPEs without microbes DMA is readily excreted by the wheat; the TWDEF SPE was
from a mountain meadow soil, that had never been under cultivation, only produced 659
µg/L DMA at harvesting compared to ArgM at 2678 µg/L and OrgM at 4370 µg/L (Fig.
18, 19, 20). The microbes inherent to each of these soils, and resulting SPEs, utilized
DMA and other exudates with the exception of gluconate, which remained a significant
contributor to Cu complexation (Fig. 19, 20). The utilization of DMA and the lack of
change for gluconate by the microbes differed from the reported increase of DMA and
gluconate for wheat in the presence of PcO6 (Hortin et al. 2019). Citrate also was not
consumed in OrgM. The Cu within the mPW, with decreased amounts of organic ligands,
especially citric acid, complexed to a greater degree with gluconate, carbonate, and FA
resulting in a lower dissolution of CuO NPs (Table 3). Though the amount and makeup of
the organic ligands within the PW and mPW differed among TWDEF, ArgM, and OrgM
(Fig. 18, 19, 20) the concentration of total Cu in solution for the three systems was the
same, per microbial condition (Table 3).
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Fig. 19. The Cu ligands complexation (top) and associated ligand concentration (bottom)
for AgrM 30 mg Cu/ kg pore water (PW) (left) and microbial pore water (mPW) (right).
Differing letters above columns represents a significant difference based on Tukey
(p<0.05). Lack of corresponding Tukey letter represents significance.

81

O.30.PW

O.30.mPW
Threonine
1%

Malate
Carbonate
2% Threonine
3%
Leucine
3%
1%
other
HA
Aspartic
5%
5%
Acid
8%
Gluconate
7%

Oxalate
4%

HA
9%

Citrate
9%

Free
Cu
2%
Glutanic
Acid
2%

FA
55%

Oth
-er
AA
s

A

Oxalate (μg/L)
Malate (μg/L)

A

Gluconate (μg/L)

A

Citrate (μg/L)

A

LMWOAs

LMWOAs

DMA (μg/L)

Total Cu 1850 ± 510 µg/L B

Valine (μg/L)

DMA (μg/L)
Oxalate (μg/L)
Malate (μg/L)
Gluconate (μg/L)

B

Citrate (μg/L)

B

Valine (μg/L)
Threonine (μg/L)
Phenylalanine (μg/L)

Leucine (μg/L)

Leucine (μg/L)

AAs

Threonine (μg/L)
Phenylalanine (μg/L)
Isoleucine (μg/L)

Isoleucine (μg/L)

Glutamic Acid (μg/L)

A

Glutamic Acid (μg/L)

Aspartic Acid (μg/L)

A

Aspartic Acid (μg/L)

Arginine (μg/L)

Arginine (μg/L)

Alanine (μg/L)

Alanine (μg/L)

HA (μg C/L)

HA (μg C/L)

Soil

AAs

DMA
2%

Gluconate
8%

Total Cu 3170 ± 470 µg/L A

Soil

Carbonate
9%

DMA
29%

FA
27%

Oth
-er
AA
s

Aspartic
Acid
2%
Citrate
6%

other
4%

FA (μg C/L)
0

Total OC 305 ± 54.8 mg/l A

20000

FA (μg C/L)
0

20000

Total OC 117 ± 27.6 mg/l B

Fig. 20. The Cu ligands complexation (top) and associated ligand concentration (bottom)
for OrgM 30 mg Cu/ kg pore water (PW) (left) and microbial pore water (mPW) (right).
Differing letters above columns represents a significant difference based on Tukey
(p<0.05). Lack of corresponding Tukey letter represents significance.
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Across all three SPE types, within the same microbial condition, the PWs had the
same level of Cu in solution. This occurred despite the differences in pH (Fig. 11A),
initial conditions (Fig. 4), changes of organic ligand concentrations (Fig. 17), and
different PW and mPW composition (Fig. 18,19,20). The combination of factors within
the rhizosphere of the wheat controlled the dissolution of CuO, regardless of SPE type or
microbial condition. The presence of microbes had a dramatic impact on the ligands,
resulting in a decrease in Cu dissolution with soil factors of FA, carbonate, and gluconate
influencing this dissolution. Despite differences in ligand concentration and composition
Cu dissolution was still controlled at a consistent concentration across the SPEs (Table
3).
Dosing wheat at 100 mg Cu/kg CuO NPs increased dissolved OC in the PW (Fig.
7A) as observed by McManus et al. (2018) which was attributed to plant stress. The 100
mg Cu/ kg dose PW and mPW of TWDEF (Fig. 21), AgrM (Fig. 22), and OrgM (Fig. 23)
had different Cu complexation compared to their lower dose counter parts.
In contrast to the PW for the TWDEF 30 mg Cu/ kg sytems (Fig. 18) the Cu was
complexed to a greater varity of ligands, with no ligand having the majoriy of the Cu
complexation (Fig. 21). The presence of microbes caused a decrease of all the AAs,
DMA, and malate, while having an increase for oxalate, and no change for gluconate or
citrate, similar to the TWDEF 30 mg Cu/ kg mPW system. There was no diffrence
between the amount of Cu in solution between the TWDEF 100 mg Cu/ kg PW and mPW
sytems (Table 3), though there was a decrese of most organcis with the presence of
microbes (Fig. 21). The Cu was primarly complexed with citrate and carboante, in
additon to gluconate, for the mPW. This increased Cu compelxation to gluconate was
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unexpected as the genral compsotion of the TWDEF 100 mg Cu/ kg sytem (Fig. 21) was
similar to that of the TWDEF 30 system (Fig. 18).
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Fig. 21. The Cu ligands complexation (top) and associated ligand concentration (bottom)
for TWDEF 100 mg Cu/ kg pore water (PW) (left) and microbial pore water (mPW)
(right). Differing letters above columns represents a significant difference based on
Tukey (p<0.05). Lack of corresponding Tukey letter represents significance.
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The 100 mg Cu/kg dose systems for AgrM and OrgM were similar for Cu
complexation distributions and organic acid quantity (Fig. 22, 23). Within the PW
systems a majority of the Cu was complexed with FA, DMA, and gluconate. Once
microbes were introduced the amount of DMA and LMWOAs decreased leading to an
increase of Cu complexation with FA, gluconate, and carbonate. A unique characteristic
of the AgrM dose system was that the presence of microbes caused a reduction of Cu
(Table 3), like the 30 dose systems and unlike the 100 mg Cu/ kg TWDEF and OrgM
systems. The AgrM 100 mg Cu/ kg systems had DMA play a larger part with Cu
complexing than in the OrgM systems (Fig. 22, 23), similarly the mPW OrgM system
had greater Cu complexation due to the increase of oxalate in the mPW. All three systems
had the same concentration of Cu in solution within the PWs and within the mPWs
(Table 3) despite differences in composition (Fig. 21, 22, 23), with AgrM and OrgM
having a decrease of total Cu for the 100 mg Cu/ kg dose (Fig. 22, 23), but TWDEF had
the same total Cu with the addition of microbes (Fig. 21). The solubility of the CuO NPs
was controlled by the chemistry of what was within the mPW and PWs at both CuO NPs
doses.
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Fig. 22. The Cu ligands complexation (top) and associated ligand concentration (bottom)
for AgrM 100 mg Cu/ kg pore water (PW) (left) and microbial pore water (mPW) (right).
Differing letters above columns represents a significant difference based on Tukey
(p<0.05). Lack of corresponding Tukey letter represents significance.
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Fig. 23. The Cu ligands complexation (top) and associated ligand concentration (bottom)
for OrgM 100 mg Cu/ kg pore water (PW) (left) and microbial pore water (mPW) (right).
Differing letters above columns represents a significant difference based on Tukey
(p<0.05). Lack of corresponding Tukey letter represents significance.
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The BLM is used to predict the concentration of metals that cause acute toxicity
to exposed organisms, originally in aquatic species but now expanded to terrestrial
systems. The model is based on the concept that only the free metal ions can accumulate
on a surface of the organism, by binding to surface ligands, and toxicity occurs when this
interaction reaches a critical concentration (Di Toro et al. 2001). The free ion M2+ is the
principal species for interaction with surface sites on the organism. Metal complexes are
not considered bioavailable without there being a ligand exchange of the metal between
the soluble ligand and the ligand on the organism surface.

MINTEQ modeling should help with interpreting Cu speciation relative to
bioavailability of Cu to the wheat root. As a means of exploring the modeled Cu
complexes implications on bioavailability of Cu within the PW versus the mPW, AgrM
30 mg Cu/ kg (Fig. 19) was used here as an example system. The Cu within AgrM 30 PW
was mostly complexed with citrate, FA and DMA, with only 1% as free Cu. In support of
the BLM, Parker et al. (2001) reported citrate mitigated toxicity of Cu on wheat root
length due to the complex not being bioavailable. Hortin et al. (2019) confirmed the
protective effect of Cu-citrate and Cu-FA on root elongation due to limited bioavailability
of these complexes. Cu-DMA, however, inhibited root elongation (Hortin et al. 2019).
The role of DMA is to deliver Fe, Cu and other otherwise low solubility metals for plant
uptake. Gluconate, malate, arginine, valine, and glycine complexed with Cu also
inhibited root elongation (Hortin et al. 2019) implying their bioavailability. In the
presence of microbes, DMA, citrate, and the other AAs and LMWOAs were consumed
with the Cu-FA complex increasing from 17% to 42% resulting in a larger portion of the
Cu being within a protective complex. The concentration of Cu in solution had decreased
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in the presence of microbes (Table 3) and the proportion of Cu should be less
bioavailable, but the concentration of Cu in the roots was the same for both PW and
mPW of the AgrM 30 (Fig 12).

As with the discussion for AgrM 30 mg Cu/ kg system, the amount of Cu in
solution decreased in the presence of microbes for all systems, with the exception of
TWDEF 100 mg Cu/ kg system (Table 3), and the presence of microbes and SPEs type
caused differing Cu distributions. However, the amount of Cu associated with the roots in
all test systems remained unchanged (Fig. 11). The concentration of Cu associated with
the roots was also the same as reported by McManus et al. (2018) for wheat grown with
only the influenced by root exudates. The wheat plant controlled Cu uptake at a
consistent level. This same discussion, in general, applied across SPEs within the same
microbial condition and CuO NPs dose where the total solution concentrations were the
same and the distribution of Cu across the ligands differed, yet again the root
concentration was independent what Cu was complexed with. Regardless of the
concentration and the type of complexes formed with Cu there was adequate bioavailable
Cu for uptake into the roots. The concentration of Cu in the roots for TWDEF 30 mg Cu/
kg dose was however higher than the other SPEs (Fig 12), even though the soluble Cu
concentration across the SPEs within microbial status was the same. TWDEF had the
highest measured concentration of free Cu and the lowest concentration of FA in the SPE
potentially resulting in more of the Cu being bioavailable.
7.6.1 Modeling solubility of CuO NPs
Visual MINTEQ model was used to estimate the amount of soluble Cu to
compare the model precited levels to measured Cu solution concentrations; this was

90
completed for both the 30 mg Cu/ kg dose (Fig. 24) and the 100 mg Cu/ kg dose (Fig. 24)
of CuO NPs. Under prediction by the model would be within reason due to an inherent
lack of measuring all possible ligands in solution.
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For the AgrM and OrgM dose 30 mg Cu/ kg systems there was 83 to 96%
agreement to the measured levels of Cu in solution. However, in the TWDEF systems the
model overly predicted the amount of Cu in solution (Fig. 24). CuO dissolution within
the MINTEQ model was sensitive to pH values ~6.5 and or lower; the TWDEF systems
had pH values around or below 6.5 (Fig. 11). In order to confirm that pH was the cause of
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the over prediction and not the ligand input the TWDEF 30 mg Cu/ kg models were run
incrementally at increasing pH and were accurate at pH 6.8. Additionally, the AgrM and
OrgM 30 mg Cu/ kg systems were modeled at pH of 6.5 and had the same amount of
overestimation for Cu in solution as the TWDEF systems. The measurement of pH in
environmental samples, though often considered trivial, may be inaccurate due to
influence by a multitude of factors. In this study the pH was determined at harvesting
after removal of the plant and dilution with DI water. This pH measurement could be
inaccurate by several tenths of a pH unit compared to the pH in the boxes with an active
rooting system resulting in inaccurate modeling of CuO NPs dissolution.
For the 100 dose systems the model underpredicts the amount of Cu in solution
regardless of microbial conditions, when compared to measured Cu, especially for the
OrgM mPW (Fig. 25). Hortin et al. (2020) using 100 mg Cu/kg CuO NPs modeled SPEs
for OrgM and ArgM without wheat growth and had found agreement between measured
and modeled dissolution of CuO NPs, however, the addition of wheat or wheat with
PcO6 caused the model to underpredicted dissolution of Cu. This underprediction by
Hortin et al. (2020) was to a similar extent as the underprediction for the 100 mg Cu/ kg
systems in this study (Fig. 25). They attributed the underprediction to underrepresentation
of the ligands in solution; they did not include amino acids nor attempted to quantify
microbial siderophores as was done here.
Geochemical modeling may produce results that overpredict observed values due
to several factors. The model assumes chemical equilibrium which would not occur in a
dynamic rooting system. Disequilibrium of the system would result in overprediction of
dissolution as the CuO NPs potential for solvation has not been achieved in the time
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frame of the study. Similarly, the model would not account for the homo-aggregation of
HA and FA that would effectively decrease their concentrations in solution (Liu et al.
2020) causing an overprediction of Cu in solution. Alternatively the models could under
predict the sorption sites of FA and HA (Schilling and Cooper 2004) resulting in a
decrease of modeled Cu in solution. The pH of the solution is highly influential of the
dissolution of CuO and could cause an over prediction of Cu in solution, if the measured
pH was lower than the actual pH, or an under prediction of Cu in solution, if the
measured pH was higher than the actual pH (Eqn. 1). The measured pH of the 100 mg
Cu/ kg dose systems would have needed to be 1 unit lower, beyond possible pH error, to
have the model resemble what was measured. The higher dose of CuO NPs are known to
enhance root exudation (McManus et al. 2018) and was observed within in this study
(Fig. 7A). This CuO NPs induced increase of exudation by the wheat may have caused
unknown and unanalyzed exudates to be released. These exudates could complex with Cu
and would not be present in the lower dosed systems. However, any unanalyzed exudate
would likely be in a lower concentration than the other analyzed exudates, not be a
primary exudate for Cu chelation, such as DMA, LMWOAs, or AAs, and would have to
be not utilized in the presence of microbes.
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7.6.2 Rhizosphere conditions altered microbial population
Fungal growth was observed in 14% of the growth boxes at harvesting, mostly
occurring in the OrgM systems (Appendix Fig. A9 and A10). The fungal growth was
identified to be in the genus Rhizopus and/or genus Mucor identified from observation of
its growth morphology on ½ strength potato dextrose agar plates inoculated with pore
water (Appendix Fig. A11). There was however no statistical impact of the fungal growth
on any chemical parameter measurement pertaining to the systems.
The pre-germination of the wheat seeds on LB media was performed to minimize
the influence of potential endophytes on results; seeds on plates with no visible growth of
bacteria were selected for planting. Even with this precaution, slow growing endophytes
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may be manifested in the planted systems by the time of harvesting. These wheat seeds
hosted an endophyte (Appendix Fig. A12) and its growth (Appendix Fig. A13), would be
randomly distributed amongst the systems and was defined to be part of the wheat.
However, there were no extractable bacterial DNA within the PWs at harvesting, the
systems remained sterile. Bacteria were identified in all of the mPWs systems (Fig. 26).
All the mPWs had bacteria from the phyla Proteobacteria, Firmicutes, and
Bacteroidetes (Fig. 26). TWDEF mPWs had the additional bacteria phylum of
Actinobacteria. AgrM differed from OrgM by having a greater percentage of Firmicutes,
with this difference being made up in OrgM by an increase in the proportion of
Protobacteria. The presence bacteria, along with the other microbes, had a greater impact
on the dissolved fraction of the OC compared to the colloids present in the SPE (Fig.
6A,B).
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Fig. 26. Identified bacteria phyla by percentage of total bacteria within the microbial pore
water (mPW) for 30 and 100 mg Cu/kg CuO NPs doses.

Investigation of the families within the four phyla (Actinobacteria, Proteobacteria,
Firmicutes, and Bacteroidetes) present within the mPWs further intensified the difference
between TWDEF and OrgM and AgrM as AgrM and OrgM had similar familial
composition (Fig. 27). Actinobacteria consisted primarily of the Micrococcaceae family
and Firmicutes by the Bacillaceae family. Bacillaceae bacteria hold an essential
ecological function within soils including cycling OM, suppression of plant pathogens,
and aid in P solubilization to promote plant health (Mandic-Mulec et al. 2015).
Chitinophagaceae made up half to all of the Bacteroidetes identified within TWDEF,
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while AgrM and OrgM were more diverse containing four other families in addition to
Chitinophagaceae. Chitinophagaceae and Flavobacteriaceae have been reported to
function as endophytes providing a secondary layer of defense for the wheat against both
pathogens and possibly Cu (Dini-Andreote 2020). The Proteobacteria phylum was the
most diverse (Fig. 27). In a similar trend as the Bacteroides, TWDEF had a majority of
the identified bacteria be a single family, Oxalobacteraceae, while also being less diverse
that AgrM and OrgM. The families within Proteobacteria play important roles in soilplant relationships. Bradyrhizobiaceae are a plant associated bacteria important in
nitrogen cycling, Rhizobiaceae also associates with plants benefiting plant growth,
Sphingomonadaceae are biofilm producer and aids in degradation of organics in soil,
Pseudomonadaceae are common saprophytes in soil. Some members of this family are
pathogens but other such as PcO6, P. putida, and P. fluorescens benefit plants.
Even with this diverse community of bacteria, many known to produce
siderophores, including families such as Pseudomonadaceae where members produce a
variety of the siderophore pyoverdine (Meyer 2000) attempts to identify these
compounds failed. All communities of bacteria resulted in different rhizosphere
chemistries and all communities utilized/consumed DMA, which was contrary to the
findings of Hortin et al. (2019) for PcO6, yet all rhizospheres with microbes resulted in
the same dissolution of CuO NPs within dose (Fig. 9) (Table 3).
Attempts were made to identify Cu complexes within the PWs and mPWs,
confirming modeling results. Cu-DMA was the only identified Cu complex within the
samples by LC-TOF-MS, however, notably Fe-DMA was not found in the samples. The
lack of detectable Fe-DMA could have been due to the high concentration of Cu in
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solution compared to Fe out competing the Fe for complexation. Within the model, any
DMA in solution was complexed to Cu; no DMA was complexed to Fe or was
protonated.
Pseudomonad siderophore pyoverdine, was not detected by LC-QqQ-MS. Boiteau
et al. (2021) reported that genes expression for phytosiderophore production in a grass
were upregulated in the presence of P. fluorescens yet the concentration of DMA and
MA in the hydroponic solution decreased due to the microbial uptake or degradation. The
plant was producing phytosiderophores as they were being utilized. This utilization of
phytosiderophores had not been observed for all pseudomonads, P. putida (Walter et al.
1994) and PcO6 (Hortin et al. 2019) did not degrade phytosiderophores from maize and
barley or wheat, respectively. Hortin et al. (2019) additionally reported an increase of
DMA in the presence of PcO6. The consortium of microbes in this present study
consumed DMA.
Pyoverdine, the siderophore produced by some pseudomonads, such as PcO6,
was reported to decrease in the presence of CuO NPs (Dimkpa et al. 2012a; b). In further
support of the lack of measurable pyoverdine in solution, Boiteau et al. (2021) reported
that the gene for the upregulation of pyoverdine in P. fluorescens was not upregulated
and no pyoverdine was detected in their system solution. The lack of identification and
quantification of bacterial siderophores in this study may be a result of the microbial
communities established in these systems did not produce siderophore as they utilized
and consumed DMA.
CuO NPs alter microbial processes within soil. Simonin et al. (2018) reported a
significant decrease of denitrification, nitrification, and soil respiration for microbes
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within soil exposed to CuO NPs. For the rhizosphere microbial community of wheat the
genes related to nitrogen fixation and nitrification were found to be up regulated from
CuO NPs, yet nitrate increased only within the rhizosphere and decreased across the bulk
soil (Guan et al. 2020).
An understanding of the rhizosphere microbiome is necessary to understand the
interplay between the wheat and the microbes and how both are impacted by CuO NPs.
The microbiome is capable of altering what is in solution, such as the restricting bacterial
siderophore production to utilize phytosiderophores (Boiteau et al. 2021), and how that
alters the bioavailability of Cu. However, the presence of microbes, not necessarily the
composition (Fig. 26), impacted the Cu in solution even with the variable mPW microbial
compositions.
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Fig. 27. Identified bacteria families of the four main identified phyla represented as
percentage of the total bacteria within the microbial pore water (mPW) for 30 and 100
mg Cu/kg CuO NPs doses.

8. Conclusion
Wheat rhizosphere chemistries, influencing CuO NP solubility, were altered by
the type of SPE, the presence or absence of microbes, and dosing of CuO NPs. These
factors led to distinct characteristics of the rhizosphere solutions with contributions from
soil properties of FA, HA, and pH, and exudates from the plant and the presence of
microbes. The soil properties of FA and HA contributed to the colloidal OC fraction
(operationally defined as particle > 3kDa); this colloidal fraction was not affected by the
presence of microbes, confirming that this fraction originated from the soil organic
matter. The rhizosphere exudates constituting the dissolved OC were consumed by
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microbes. Despite differences in the origin and characteristics of OC in the added SPE,
after wheat growth the concentration of dissolved OC was the same across SPE type and
was significantly lowered in the presence of microbes. This was achieved by the wheat
balancing the levels of dissolved OC as the microbes utilized the various exudates,
presumably to reach a sustainable level of OC. The presence of microbial colonies had no
impact on the growth of the wheat roots or shoots. The dose of CuO NPs impacted the
amount of dissolved OC, increasing with increased dose, yet the amount of colloidal OC
decreased with dosing, resulting from a decrease in root growth and a probable reduction
of cellular sloughing.
Dissolved and colloidal Cu concentrations were constant across SPE types within
systems with microbes and within systems without microbes. The dissolved OC
contained various ligands, primarily originating from the rhizosphere as exudates, that
controlled the solubility of the CuO NPs resulted in a consistent dissolution of the NPs
across soil types. SPE contributions to the colloidal Cu concentration was apparent as the
low colloidal Cu concentrations of the TWDEF systems were reflected with the low
colloidal OC, such as HA and FA, of the TWDEF systems. The manipulation of the
rhizosphere by the wheat for the PW and by the wheat and microbes for the mPW
allowed for limitation of the amount of Cu in solution.
Geochemical modeling of the system predicted differences in the distribution of
Cu with the various measured ligands. Without microbes, exudates including DMA
contributed to Cu complexation. In the presence of microbes, exudates were consumed or
not produced resulting in the increased importance of Cu complexing with soil FA.
Gluconate was produced in all systems, with and without microbes, and was a critical Cu
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ligand especially with the higher dose of CuO NPs. The presence of microbes decreased
Cu dissolution and changed the distribution of complexes to ones that would be less
bioavailable (FA vs DMA complexes), yet the amount of Cu associated with the roots
remained the same within SPEs type at the lower dose and were the same at the higher
CuO NPs dose. The wheat controlled Cu root uptake. The type and amount of Cu
complexes is envisioned to control the bioavailable Cu with free Cu ions and weak
complexes being available for plant uptake. In this study system, there was adequate
bioavailable Cu despite the extent and type of complexes formed.
The differences between SPE of root associated Cu were limited by the wheat to
the extent that the Cu within the shoots did not change from any of the system factors and
minimally from the increased CuO NPs dose. The SPE type was influential in the shoot
growth of the wheat due to difference on nitrogen and phosphorus concentrations.
Microbial communities varied within the mPWs by SPE type but ultimately the presence
of a microbial community, not the specific makeup of the communities, was important.
Single PcO6 studies had no consumption of DMA allowing it to still be important in
microbial-active systems, however within the communities added in this study, DMA
was utilized or consumed decreasing its importance while increasing the impact of
complexes originating from the SPEs.
Most studies on solubility of CuO NPs and bioavailability of Cu complexes are
performed in single component systems; CuO NPs with one ligand or simple laboratory
prepared solutions and bioassays of availability using root elongation with a single
ligand. These systems while providing crucial fundamental information on behavior of
CuO NPs in the rhizosphere do not describe the complex, non-additive processes that are
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occurring in an actively growing, biologically and chemically interactive system. A
majority of the findings of this study show that the plant/microbes alter their environment
to reach consistent conditions of soluble OC, soluble Cu, and plant uptake of Cu
regardless of initial conditions of the SPE properties, the specifics of the rhizosphere
chemistry, or the specifics of the microbial communities illustrates this point.
Future work on how the CuO NPs would behave in soils where sorption of Cu to
mineral and organic surface would contribute of dissolution and bioavailability is
necessary. Greater refinement for the detection of bacterial siderophores and presently
unidentified contributing, complexing rhizosphere chemistries needs to be developed to
improve accuracy and understanding of the rhizosphere reactions for continuing work
toward the use and application of CuO NPs. Use of lower, non-Cu saturating CuO NPs
doses to investigate wheat mechanisms of active take up as opposed to the Cu limiting
mechanisms present at the 30 and 100 mg Cu/kg CuO NPs doses would be beneficial for
the application and use of field appropriate amounts of CuO NPs. Understanding metal
complex bioavailability needs refinement for future studies with CuO NPs in order to
more accurately predict Cu uptake for protective or remediation measures.
This research into the interactions between CuO NPs and the rhizosphere with
native microbes and soluble soil organic matter has beneficial use for the application of
CuO NPs on wheat fields. An understanding of what factors are crucial for Cu dissolution
and uptake are necessary for application of NPs for agricultural use. At this high dosing
of CuO NPs there was excess solubilized Cu regardless of complexation from
rhizosphere exudates or from soil components to provide Cu as a nutrient without
intolerable Cu stress. The use of CuO NPs as a fertilizer would require lower CuO NPs
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doses which would be more influenced by the ligands in the rhizosphere limiting Cu
bioavailability for the wheat, possibly requiring application adjustments based on field
condition. The control of the uptake of the high amounts of Cu by the wheat gives
support for the wheat being able to manage over application of Cu, though the study did
not address the lasting impacts on wheat plants as they reach maturity. The ideal CuO
NPs dose, or minimally the limit of toxicity, is still necessary for appropriate agricultural
use to benefit or at least avoid Cu toxicity to the wheat.

9. Engineering Significance
The amount of CuO NPs within the environment has increased. Though these NPs
originate from pollution with the majority ending in landfill or biosolids (Keller et al.
2017) there is a growing field of research for beneficial use of CuO NPs. Typical use of
Cu based compounds as CuO NPs has been investigated, including fungicide
(Malandrakis et al. 2019), or more novel uses as a means of drought resistance (Jacobson
et al. 2018). Many of these uses lean on the notion of CuO NPs have an increased
solubility, yet unless the NPs are less than ~20 nm they have a similar dissolution as their
bulk counterpart (Leitner et al. 2019). However, the lack of unique dissolution does not
change the physical mobility or the ability of the NPs to be more targeted in application.
Understanding the interactions of the CuO NPs within the rhizosphere of plants is
necessary for both application and control of the CuO NPs, regardless of intended use.
A broader understanding of the composition of the rhizosphere, especially in
terms of Cu solubility, is necessary to plan and mange proper and purposeful application
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of CuO NPs onto crop lands and to understand and plan more appropriate
phytoremediation projects for Cu remediation. The communities of microbes within the
soils impact the makeup of the rhizosphere yet had a drastic decrease of ligands is not
proportional to the corresponding decrease of soluble Cu. The importance of the presence
of microbes, which is at times disregarded in phytoremediation, within the rhizosphere
overcomes a majority of the inherent conditions including the soil conditions and the
wheat was capable of overcoming all conditions, though not without harm. The impact of
Cu on the wheat growth lends to informing application of both fertilizer and pollution
control. Though the wheat had root mass loss and increased root density the plant had no
increased Cu uptake within the shoots regardless of CuO NPs dose with implication that
regardless of Cu in rhizosphere a bioaccumulator may not increase Cu uptake.
9.1 Further Work
Further work in investigation of the rhizosphere make up and increasing the
realism of the rhizosphere are necessary for continued research and application of CuO
NPs. The majority of the make up the rhizosphere remains unknown. The understanding
of the rhizosphere is necessary in the event of increased stress as seen with the model
inaccuracy at the 100 mg Cu/ kg CuO NPs dose. Similar to the need for composition of
the rhizosphere the impact of kinetics on complexation and dissolution within the
rhizosphere is needed for understanding long term fate of CuO NPs. On a larger scale
than the chemical interactions, the physical movement of the NPs within a soil,
associated sorption of Cu to soil, and the resulting “loss” of Cu due to sorption of Cu to
sites would greatly influence application and toxicity. Studies with CuO NPs at lower,
reasonable doses is necessary for appropriate application of CuO NPs within the field.
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CuO NPs doses that would allow for limited Cu uptake would provide greater
understating of non-stressed dissolution and bioavailability, in addition to being more
world applicable.
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Appendix A. Data Management
All data were subject to a robust outlier test and censored if necessary. Data that were
censored from being below the method detection limit were imputed using a log-normal
distribution of valid data and assigned a value randomly based on the extrapolation of the
log-normal distribution. Two of the nine PW of the < 3 kDa (dissolved) OC fraction from
the 30 ArgM systems exceeded the total OC measurement beyond expected instrumental
variance yet were within the bounds of the robust outlier test and thus were censored
manually and were estimated using multivariate normal imputation (JMP). Upon
completion of imputation, the data were normalized using a best fit Box-Cox
transformation.
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Appendix B. Appendix Figures
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Fig. A1. Heat map of 4 LED panels (µmol/(m2-s)) used in experimental set up. White
values represent measurements, black values represent interpolations.
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Fig. A2. Day zero set up of the wheat systems. Wheat boxes were randomized daily to
minimize differences of light.

Fig. A3. One-way analysis of residuals of DMA by soil type. Untransformed data (left),
transformed by Box-Cox (λ=0.2) data (right) showing improvement in assumption of
independence.
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Fig. A4. One-way analysis of residuals of DMA by CuO NPs dose. Untransformed data
(left), transformed by Box-Cox (λ=0.2) data (right) showing improvement in assumption
of independence.

Fig. A5. Bivariate fit of residual DMA by predicted DMA. Untransformed data (left),
transformed by Box-Cox (λ=0.2) data (right) showing improvement in assumptions of
constant variance.
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Fig. A6. Q-Q plots of DMA. Untransformed data (left), transformed by Box-Cox (λ=0.2)
data (right) showing improvement of normalcy of the data.
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Fig. A7. Root lengths by saturation paste extract (SPE) type for each CuO NPs dose. The
30 mg Cu/kg dose (A) and 100 mg Cu/kg dose (B). One-way ANOVA significance for
both CuO NPs doses. Differing letters above columns represent a significant difference in
the root length based on Tukey (p < 0.05). Error bars represent 95% confidence interval.
There is no statistical difference in root length between PW and mPW within SPE and
dose.
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Fig. A8. Two roots of equal root mass and different root length. TWDEF with microbes
dosed with 100 mg Cu/kg (left) and OrgM with microbes dosed with 100 mg Cu/kg
(right).

Fig. A9. Fungal presence on wheat within OrgM microbial pore water (mPW) dose 100
mg Cu/kg system.
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Fig. A10. Fungal growth (dark area) on wheat from an OrgM microbial pore water
(mPW) dose 100 mg Cu/kg system during wheat harvest.

Fig. A11. Fungal growth on potato dextrose agar identified as g. Rhizopus and/ or g.
Mucor by Dr. Claudia Nischwitz’s lab at USU.
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Fig. A12. Endophytic bacteria growth on LB plates of surface sterilized seeds following
four days of germination.

Fig. A13. Post wheat harvest endophytic growth on LB plate of a root taken from a pore
water (PW) from an OrgM saturation paste extract (SPE) dose 30 mg Cu/kg system.
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Appendix C. Appendix Tables
Table A1. Soil Characteristics (top 10 cm)
Soil abbreviations
Soil series
Cultivation
Crop
% sand
% silt
% clay
Texture
% sand w/o carbonate
% silt w/o carbonate
% clay w/o carbonate
% carbonate
Texture w/o carbonate
pH
EC (µs/cm)
Total Carbon (%)
Inorganic Carbon (%)
Total Organic Carbon (%)
Olsen P (mg/kg)
Olsen K (mg/kg)
DTPA Extractable Zn (mg/kg)
DTPA Extractable Fe (mg/kg)
DTPA Extractable Cu (mg/kg)
DTPA Extractable Mg
(mg/kg)
DTPA Extractable Cd (mg/kg)
DTPA Extractable Cr (mg/kg)
DTPA Extractable Ni (mg/kg)
DTPA Extractable Pb (mg/kg)
CEC (cmol/kg)
Al (%)
As (mg/kg)
B (mg/kg)
Ba (mg/kg)
Ca (%)

TWDEF
Hades
Mountain
meadow

AgrM
Millville
Commercial
production

OrgM
Millville
Certified
organic

Grasses

Winter wheat

Continuous
green cover

46.3
47.2
6.5
Sandy loam
34.4
46.6
19.0
0.0
Loam
6.63 ± 0.012
62.3 ± 17.4
1.9 ± 0.17
0±0
1.9 ± 0.17
22.1 ± 1.7
187 ± 18.4
0.72 ± 0.02
46.6 ± 3.72
0.84 ± 0.01

15.2
72.3
12.4
Silt loam
28.0
49.3
22.7
3.6
Loam
8.24 ± 0.176
161 ± 31.2
5.97 ± 0.178
5.14 ± 0.065
0.83 ± 0.234
12 ± 0.636
93.9 ± 1.2
1.1 ± 0.03
7.46 ± 0.387
1 ± 0.03

29.0
61.9
9.1
Silt loam
27.3
51.5
21.1
2.8
Silt loam
8.33 ± 0.072
175 ± 9.85
6.21 ± 0.142
4.77 ± 0.365
1.44 ± 0.376
24.5 ± 1.13
311 ± 2.12
2 ± 0.01
20 ± 0.66
1.2 ± 0.01

26 ± 0.028
0.2 ± 0
0.029 ± 0.007
0.33 ± 0.01
1.28 ± 0.022
17.5 ± 0.212
1.26 ± 0.028
6.92 ± 1.19
3.87 ± 0.17
124 ± 1.41
0.197 ± 0.004

12.3 ± 0.69
0.08 ± 0
0.011 ± 0.004
0.39 ± 0.01
1.03 ± 0.026
20 ± 0.849
1.28 ± 0.022
6.68 ± 0.233
13.3 ± 0.276
95.6 ± 1.55
9.36 ± 0.023

41.3 ± 0.778
0.13 ± 0
0.009 ± 0.007
0.54 ± 0.01
1.68 ± 0.016
17.9 ± 0.424
1.21 ± 0.01
7.17 ± 0.389
13.3 ± 0.205
87.9 ± 0.99
8.56 ± 0.025
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Cd (mg/kg)
Co (mg/kg)
Cr (mg/kg)
Cu (mg/kg)
Fe (%)
K (%)
Mg (%)
Mn (mg/kg)
Mo (mg/kg)
Na (%)
Ni (mg/kg)
P (%)
Pb (mg/kg)
S (%)
Se (mg/kg)
Sr (mg/kg)
Zn (mg/kg)

0.64 ± 0.03
6.96 ± 1.01
18.3 ± 0.46
8.8 ± 0.417
1.35 ± 0.168
0.15 ± 0
0.26 ± 0.006
784 ± 82.8
1.6 ± 0.354
0.002 ± 0
12.3 ± 0.587
0.05 ± 0
16 ± 1
0.02 ± 0
< detection
limit
14.8 ± 0.064
46.3 ± 3.15

0.43 ± 0.01
5.25 ± 0.035
13.6 ± 0.205
12.16 ± 0.057
1.17 ± 0.015
0.32 ± 0.01
4.1 ± 0.028
362 ± 5.02
1.84 ± 0.156
0.015 ± 0
14.9 ± 0.078
0.08 ± 0
9.7 ± 0.16
0.03 ± 0
< detection
limit
36.4 ± 0.559
58.5 ± 0.552

0.54 ± 0.01
5.22 ± 0.064
18.7 ± 6.65
13.52 ± 1.1
1.2 ± 0.021
0.34 ± 0
4.17 ± 0.058
414 ± 41.2
3.69 ± 2.55
0.015 ± 0.001
14.9 ± 0.106
0.09 ± 0
10.4 ± 0.1
0.04 ± 0
< detection
limit
35.7 ± 0.226
63.8 ± 0.438
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Table A2. Characteristics of saturation paste extracts (SPEs)
Soil Abbreviations
pH
EC (µs/cm)
DOC (mg C/L)
FA (mg C/L)
HA (mg C/L)
LMWOAs (mg C/L)
AAs (mg C/L)
Other AAs (mg C/L)
Other (mg C/L)
Total N (mg N/L)
AAs (mg N/L)
Other AAs (mg N/L)
Other (mg N/L)
gluconate (mg/L)
lactate (mg/L)
acetate (mg/L)
propionate (mg/L)
formate (mg/L)
butyrate (mg/L)
pyruvate (mg/L)
valerate (mg/L)
chloride (mg/L)
nitrite (mg/L)
nitrate (mg/L)
malate (mg/L)
sulfate (mg/L)
oxalate (mg/L)
phosphate (mg/L)
citrate (mg/L)
Na (mg/L)
Mg (mg/L)
Al (µg/L)
K (mg/L)
Ca (mg/L)
Mn (µg/L)
Fe (µg/L)
Cu (µg/L)

TWDEF
6.5 ± 0.44
190 ± 101
11.8 ± 10.6
2.9 ± 2.2
<detection limit
0.26 ± 0.08
122 ± 44.4
4.5 ± 1.4
97 ± 77
67 ± 17
41 ± 16
1 ± 0.33
<detection limit
0.36 ± 0.05
<detection limit
0.05 ± 0.03
0.01 ± 0.02
0.18 ± 0.21
0.01 ± 0.02
<detection limit
0.01 ± 0.02
4.4 ± 0.18
0.17 ± 0.02
25 ± 5.8
0.01 ± 0.02
2.7 ± 0.87
0.04 ± 0.03
0.03 ± 0.04
0.06 ± 0.11
3.6 ± 0.45
4.8 ± 1.5
4.9 ± 0.86
4.8 ± 0.6
22.3 ± 7.61
19 ± 5.4
22.8 ± 49.9
0.87 ± 0.1

AgrM
8.0 ± 0.09
668 ± 82.7
55.7 ± 22.7
12 ± 3.1
1.2 ± 0.05
0.94 ± 0.05
128 ± 72.5
5.2 ± 0.12
90 ± 73
93 ± 21
40 ± 21
1.2 ± 0.03
<detection limit
2.3 ± 0.13
<detection limit
0.05 ± 0.03
<detection limit
0.2 ± 0.03
<detection limit
<detection limit
<detection limit
9.8 ± 0.33
0.3 ± 0.02
51 ± 3
0.01 ± 0.02
16 ± 2
0.05 ± 0.04
0.21 ± 0.02
<detection limit
6.6 ± 0.31
21 ± 1.3
15 ± 9.5
14 ± 0.61
87.8 ± 5.24
1.3 ± 0.15
16.7 ± 9.55
16 ± 1.1

OrgM
8.1 ± 0.04
676 ± 23.3
133 ± 53.3
24 ± 0.8
2.5 ± 0.29
7.4 ± 0.95
177 ± 91.4
5.8 ± 0.5
92 ± 58
56 ± 27
52 ± 27
1.4 ± 0.12
<detection limit
2.7 ± 0.14
<detection limit
13 ± 2.3
1.3 ± 0.15
0.39 ± 0.12
0.19 ± 0.03
0.27 ± 0.01
0.01 ± 0.02
31 ± 1.01
0.41 ± 0.1
2.2 ± 0.24
0.06 ± 0.01
12 ± 0.75
0.12 ± 0.11
0.11 ± 0.03
0.03 ± 0.02
8.9 ± 0.46
29 ± 0.97
12 ± 7.9
13 ± 0.82
92.7 ± 3.74
47 ± 18
48.7 ± 80.2
25 ± 2.6
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Zn (µg/L)
DMA (µg/L)
Phenylalanine (µg/L)
Betaine (µg/L)
Tryptophan (µg/L)
Leucine (µg/L)
Isoleucine (µg/L)
Methionine (µg/L)
Asparagine (µg/L)
Tyrosine (µg/L)
Proline (µg/L)
Valine (µg/L)
Alanine (µg/L)
Threonine (µg/L)
Glutamic acid (µg/L)
Aspartic acid (µg/L)
Trehalose (µg/L)
Cystine (µg/L)
Arginine (µg/L)
Nicotinic acid (µg/L)
Salicylic acid (µg/L)
GABA (µg/L)

44.5 ± 23.8
<detection limit
11.8 ± 7.82
8.8 ± 2.76
<detection limit
<detection limit
4.43 ± 3.18
<detection limit
<detection limit
8.2 ± 2.7
3.09 ± 1.48
<detection limit
103 ± 81.7
17.5 ± 9.81
18 ± 19
112 ± 75
129 ± 49.7
<detection limit
19.4 ± 9.02
<detection limit
69.9 ± 121.2
<detection limit

18.2 ± 19.8
<detection limit
11.9 ± 7.85
10 ± 0.24
<detection limit
12 ± 2.1
5.95 ± 4.28
<detection limit
<detection limit
6 ± 0.56
1.91 ± 0.34
<detection limit
50.7 ± 7.8
16.3 ± 12.69
<detection limit
198 ± 199
128 ± 77.9
<detection limit
16.1 ± 8.77
<detection limit
59.7 ± 107.4
<detection limit

19.7 ± 11.3
<detection limit
13.7 ± 8.21
11 ± 0.97
22 ± 0.51
14 ± 8.5
7.47 ± 5.99
<detection limit
8.24 ± 0.441
14 ± 11
4.79 ± 2.27
<detection limit
53.7 ± 25.5
27.4 ± 18.19
17 ± 12
225 ± 249
178 ± 125.1
<detection limit
14.8 ± 7.6
<detection limit
27.6 ± 38.4
<detection limit
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Table A3. Humic acid (HA) and Fulvic acid (FA) sizes and origin
Source
Elliot soil
Inogashira soil
Pahokee peat
Tropical peat
Missouri River FA
Yakima River FA
Ohio River FA
Minnesota GW FA
Suwanne River FA
Coal Creek FA
Aldrich HA
Lake Fryxell
Lake Michigan PW
(3.5cm)
Lake Michigan PW
(6.5cm)
Lake Michigan PW
(8.5cm)
Suwannee River
Alpine creek
Arvada Colorado tap
Colorado River
Como Creek
Deer Creek
Biscayne aquifer
Laramine-Fox Hills
aquifer
Madison aquifer
St. Peter aquifer
Hawaii wetland
Suwannee River
Thoreau's bog
Yampa River

Source
Type
soil
soil
peat
peat
water
water
water
ground
water
water
water

12.7 - 19.0
9.0 - 10.5
8.5
3.7 - 6.0
-

FA
(kDa)
9.0 11.0
8.0 - 9.7
6.5 -7.5
2.9 - 3.0
1.46
1.56
1.33

4.1

1
2.31
2.23
-

HA (kDa)

water

1.08

pore water

0.728 - 0.845

pore water

0.943 - 1.12

pore water
water
water
water
water
water
water
ground
water
ground
water
ground
water
ground
water
water
water
water
water

Source
(Shinozuka et al.
2004)

(Chin et al. 1994)

1.02 - 1.1
2.19 - 2.52
1.5 - 5.0
5.0 colloidal
0.5 - 1.0
0.5 - 1.0
2.0 - 3.0
0.5 - 1.0
1.5 - 10.0
-

0.8 - 1.0
5.0 10.0

-

1.5 - 2.0

5.0 - 10.0
-

0.5 - 1.0
5
1.0 - 1.5
1.0 - 5.0
1.0 - 1.5

(Thurman et al.
1982)
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Trona GW Rock Springs
Coal field water

ground
water
ground
water

5.0 - 10.0

-

1.0 -10.0

-
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Table A4. Measurements method for pore water (PWs)
General traits
Common anions
chloride (mg/L)
nitrite (mg/L)
nitrate (mg/L)
sulfate (mg/L)

Methods

IC Common anions/
LMWOAs

phosphate (mg/L)
Organics compounds
DOC (μg/ml)
Hydroxamate siderophores
(mg/L)
Catechol siderophores (mg/L)
gluconate (mg/L)
lactate (mg/L)
acetate (mg/L)
propionate (mg/L)
formate (mg/L)
isobutyrate (mg/L)
butyrate (mg/L)
pyruvate (mg/L)
isovalerate (mg/L)
valerate (mg/L)
malate (mg/L)
oxalate (mg/L)
citrate (mg/L)
2-oxoglutarate (mg/L)
DMA (μg/L)
Phenylalanine (μg/L)
Betaine (μg/L)
Tryptophan (μg/L)
Leucine (μg/L)
Isoleucine (μg/L)
Methionine (μg/L)
Asparagine (μg/L)
Coumaric acid (μg/L)

DOC
Bacteria siderophores

IC Common
anion/LMWOAs

DMA/ various organics

QqQ-MS Amino acids
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Tyrosine (μg/L)
Proline (μg/L)
Valine (μg/L)
Alanine (μg/L)
Threonine (μg/L)
Glycine (μg/L)
Glutamic acid (μg/L)
Aspartic acid (μg/L)
Serine (μg/L)
Trehalose (μg/L)
Cysteine (μg/L)
Cystine (μg/L)
Histidine (μg/L)
Lysine (μg/L)
Arginine (μg/L)
Spermidine (μg/L)
Caffeic acid (μg/L)
Nicotinic acid (μg/L)
Spermine (μg/L)
Gallic acid (μg/L)
Vanillic Acid (μg/L)
Syringic acid (μg/L)
Ferulic acid (μg/L)
Salicylic acid (μg/L)
Abscisic Acid (μg/L)
Jasmonic Acid (μg/L)
GABA (μg/L)
Pyoverdin 6.2 (μg/L)
Aeruginic acid (μg/L)
Agrobactin (μg/L)
Avenic acid (μg/L)
Aminochelin (μg/L)
Aspergillic acid (μg/L)
Cepabactin (μg/L)
Mugineic acid (μg/L)
Anguibactin (μg/L)

LC-QqQ DMA/ various
organics
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Distichonic acid (μg/L)
Rhizoferrin (μg/L)
2,3-dihydroxybenzoylglycine
(μg/L)
Desferrioxamine T2 (μg/L)
Amphibactin G (μg/L)
Metals
free Cu (μg/L)
Na (mg/L)
Mg (mg/L)
Si (mg/L)
K (mg/L)
Ca (mg/L)
Mn (μg/L)
Fe (μg/L)
Cu (μg/L)
Zn (μg/L)

Free Cu

ICPMS cations/ trace
elements
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Table A5. K values added to MINTEQ and value source
Name
H2-Glycine
H-Glycine
Cu-Glycine
Ni-Glycine
H2-Leucine
H-Leucine
Cu-Leucine

log
Kc
2.33
9.45
8.2
6.59
2.47
9.52
8.14

MINTEQ log
K0
11.78
9.45
8.20
6.59
11.99
9.52
8.14

Corrected MINTEQ
log K0
11.99
9.66
8.63
7.02
12.20
9.73
8.57

Ni-Leucine
H2-Methionine
H-Methionine
Cu-Methionine

6.37
2.15
9.02
7.86

6.37
11.17
9.02
7.86

6.80
11.38
9.23
8.29

Ni-Methionine
H2Phenylalanine
HPhenylalanine
CuPhenylalanine
NiPhenylalanine
H3-Tyrosine
H2-Tyrosine

5.81

5.81

6.24

2.21

11.33

11.54

9.12

9.12

9.33

7.58

7.58

8.01

H-Tyrosine
Cu-Tyrosine
H2-Tryptophan
H-Tryptophan
Cu-Trytophan

5.91
2.2
9.05
10.2
2
7.8
2.43
9.32
7.96

5.91
21.47
19.27

6.34
21.47
19.48

10.22
7.80
11.75
9.32
7.96

10.43
8.23
11.96
9.53
8.39

Ni-Tryptophan
H2-Aspargine
H-Aspargine
Cu-Aspargine

6.45
2.24
8.92
7.46

6.45
11.16
8.92
7.46

6.88
11.37
9.13
7.89

Ni-Aspargine
H2-Glutamine

5.56
2.38

5.56
11.48

5.99
11.69

Reference
(Inci and Aydin
2020)
(Inci and Aydin
2021)
(Inci and Aydin
2020)
(Inci and Aydin
2021)
(Inci and Aydin
2020)
(Inci and Aydin
2021)

(Inci and Aydin
2020)

(Inci and Aydin
2021)
(Inci and Aydin
2020)

(Inci and Aydin
2020)
(Inci and Aydin
2021)
(Inci and Aydin
2020)
(Inci and Aydin
2021)
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H-Glutamine
Cu-Glutamine

9.1
7.68

9.10
7.68

9.31
8.11

Ni-Glutamine

4.99

4.99

5.42

H3-Aspartic
H2-Aspartic
H-Aspartic
Cu-Aspartic
acid

1.99
3.73
9.64

15.36
13.37
9.64

16.08
14.01
10.07

8.89

8.89

9.75

H3-Glutamic
H2-Glutamic
H-Glutamic
Cu-Glutamic
acid
H2(Betaalanine)
H(Betaalanine)
Cu(Betaalanine)
H2(Alphaalanine)
H(Alphaalanine)
Cu(Alphaalanine)
H3-Cysteine
H2-Cysteine
H-Cysteine
Cu-Cysteine
CuCysteine(OH)
Ni-Cysteine
NiCysteine(OH)
Zn-Cysteine

2.29
4.23
9.51

16.03
13.74
9.51

16.87
14.38
9.94

8.31
12.6
8

8.31

9.17

12.68

12.89

7.07

7.07

7.28

7.01

7.01

7.44

11.8

11.80

12.01

9.69

9.69

9.90

7.99
20.8
2
18.7
3
10.3
6
12.0
9

7.99

8.42

20.82

21.46

18.73

19.37

10.36

10.79

12.09

12.95

1
10.8
7

1.00

1.86

10.87

11.73

-1.5
9.61

-1.50
9.61

-0.64
10.47

(Inci and Aydin
2020)
(Inci and Aydin
2021)
(Henchoz et al.
2007)
(Inci and Aydin
2020)
(Henchoz et al.
2007)
(Inci and Aydin
2020)

(Abdelkarim et al.
2021)

(Patel et al. 2002)
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ZnCysteine(OH)
H2-Threonine
H-Threonine
Cu-Threonine
CuThreonine(OH)
Ni-Threonine
NiThreonine(OH)
Zn-Threonine
ZnThreonine(OH)
H2-Nicinate
H-Niacin
Cu- Niacin
CuNiacin(OH)
Ni- Niacin

-3
11.5
1
9.18
8.8

-3.00

-2.14

11.51
9.18
8.80

11.72
9.39
9.23

0.9
7.25

0.90
7.25

1.54
7.68

-1.9
6.03

-1.90
6.03

-1.26
6.46

-3.25
2.22
4.59
3.34

-3.25
6.81
4.59
3.34

-2.61
7.05
4.83
3.82

-2.28
2.64

-2.28
2.64

-1.56
3.12

(Patel et al. 2002)

(Hernowo et al.
2011)
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Table A6. Factorial ANOVA output by JMP for DMA (untransformed).
Response DMA (μg/L)
Whole Model
Summary of Fit
RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.749
26
0.714
58
1404.
12
1771.
7
108

Analysis of Variance
Source

DF

Model

13

Error

94

C. Total

107

Sum of
Mean
F
Squares
Square
Ratio
5537795 4259843
21.607
96
0
1853262 1971556. Prob >
72
1
F
7391058
68

<.000
1*

Lack Of Fit
Source

DF

Lack Of Fit

22

Pure Error

72

Total Error

94

Sum of
Squares
1222430
62
6308321
0

Mean
Square

5556503 6.3419

1853262
72

<.000
1*

876156

F
Ratio

Prob >
F

Max
RSq
0.9146
Parameter Estimates
Term

Estimate Std Error t Ratio

Intercept

1771.698
135.1116
9

13.11

Prob>|
t|
<.000
1*
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Trial[1]

-644.552 191.0767
191.0767
125.0596
643.3916
191.0767
2

Trial[2]
SOIL[AgrM]

-3.37

0.0011
*

-0.65 0.5144
3.37

0.0011
*

SOIL[OrgM]

754.5279
191.0767
1

3.95

0.0002
*

DOSE[30]

135.1116
422.7813

-3.13

0.0023
*

SOIL[AgrM]:BACTERIA[N]

234.0202
1970.292

-8.42

<.000
1*

SOIL[OrgM]:BACTERIA[N]

234.0202
2410.356

-10.3

<.000
1*

SOIL[TWDEF]:BACTERIA[N]

234.0202
205.3365

-0.88 0.3825

DOSE[30]*SOIL[AgrM]

191.0767
608.6192

-3.19

DOSE[30]*SOIL[OrgM]

157.2397
191.0767
9

SOIL[AgrM]:BACTERIA[N]*DOS
E[30]

677.9572
234.0202
3

SOIL[OrgM]:BACTERIA[N]*DOS
E[30]

300.8916
234.0202
7

1.29 0.2017

SOIL[TWDEF]:BACTERIA[N]*D
OSE[30]

234.0202
51.25173

-0.22 0.8271

Sum of
Squares

F Prob >
Ratio
F

0.0020
*

0.82 0.4126
2.9

0.0047
*

Effect Tests
Npar
m

DF

Trial

2

2

3684201
0.0002
9.3434
0
*

SOIL

2

2

1057479
26.818
89

DOSE

1

1

1930435
0.0023
9.7914
2
*

BACTERIA[SOIL]

3

3

3504249
59.247
96

DOSE*SOIL

2

2

2155986
0.0057
5.4677
1
*

Source

<.000
1*

<.000
1*
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BACTERIA*DOSE[SOIL]

3

3

1990038
0.0219
3.3646
8
*
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Table A7. Factorial ANOVA output by JMP for DMA (transformed).
Response DMA (μg/L) Box-Cox
transformed
Whole Model
Summary of Fit
RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.8228
9
0.7984
401.56
1
1752.7
3
108

Analysis of Variance
Source

DF

Model

13

Error

94

C. Total

107

Sum of
Squares
704275
19
151576
07

Mean
F
Square
Ratio
541750 33.596
1
7
Prob >
161251
F

855851
26

<.0001
*

Lack Of Fit
Source

DF

Lack Of Fit

22

Pure Error

72

Total Error

94

Sum of
Squares
947825
3
567935
4

Mean
Square

430830 5.4618

151576
07

<.0001
*

78880

F
Ratio

Prob >
F

Max
RSq
0.9336
Parameter Estimates
Term

Estimat
e

Std
Error

t Ratio

Prob>|
t|

Intercept

1752.73
3

38.6402
1

45.36

<.0001
*
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128.660
1
29.3963
245.641
9

Trial[1]
Trial[2]
SOIL[AgrM]

54.6455
1
54.6455
1
54.6455
1

-2.35

0.0206
*

-0.54 0.5919
4.5

<.0001
*

96.7133
9
127.570
1
791.413
5
954.453
7
261.503
9
185.885
6
57.1525
5

54.6455
1

1.77

0.08

38.6402
1

-3.3

0.0014
*

66.9268
1

-11.83

<.0001
*

66.9268
1

-14.26

<.0001
*

66.9268
1

-3.91

0.0002
*

54.6455
1

-3.4

0.0010
*

54.6455
1

1.05 0.2983

SOIL[AgrM]:BACTERIA[N]*DOSE
[30]

15.1970
2

66.9268
1

0.23 0.8209

SOIL[OrgM]:BACTERIA[N]*DOSE
[30]

123.755
8
50.5729
8

66.9268
1

1.85 0.0676

66.9268
1

-0.76 0.4518

Sum of
Squares

F
Ratio

SOIL[OrgM]
DOSE[30]

SOIL[AgrM]:BACTERIA[N]

SOIL[OrgM]:BACTERIA[N]

SOIL[TWDEF]:BACTERIA[N]

DOSE[30]*SOIL[AgrM]
DOSE[30]*SOIL[OrgM]

SOIL[TWDEF]:BACTERIA[N]*DO
SE[30]
Effect Tests
Source

Prob >
F

Nparm

DF

Trial

2

2

152637
0.0110
4.7329
8
*

SOIL

2

2

672842 20.863 <.0001
2
2
*

DOSE

1

1

175760 10.899 0.0014
6
8
*
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BACTERIA[SOIL]

3

3

578052 119.49 <.0001
51
3
*

DOSE*SOIL

2

2

195811
0.0033
6.0716
5
*

BACTERIA*DOSE[SOIL]

3

3

651747 1.3473 0.2638

